Development of cadmium sulfide photovoltaic film cells  Final report by Griffin, T. A. et al.
FINAL REPORT 
DEVELOPMENT OF 
NASA CR-72296 
CADMIUM SULFIDE PHOTOVOLTAIC FILM CELLS 
P r e p a r e d  For 
NATIONAL AERONAUTICS AND SPACE ADMINISTRATION 
OCTOBER 1 9 6 7  
CONTRACT NAS3-8515 I 
THE H A  R S C H E M I C A L  co. 
https://ntrs.nasa.gov/search.jsp?R=19670030735 2020-03-16T16:49:35+00:00Z
NOTICE 
This report was prepared as an account of Government sponsorcd 
work. Neither the United States, nor the National Aeronautics 
and Space Administration (NASA), nor any person acting on be- 
half of NASA: 
A). Makes any warranty or representation, expressed or 
implied, with respect to the accuracy, completeness, 
or usefulness of the information contained in this 
report, or that the use of any information, appara- 
tus, method, or process disclosed in this report 
may not infringe privately owned rights; or 
B). Assumes any liabilities with respect to the use of, 
or for damages resulting from the use of any infor- 
mation, apparatus, method or process disclosed in 
this report. 
As used above, "person acting on behalf of NASA" includes any 
employee or contractor of NASA, or employee of such contractor, 
to the extent that such employee or contractor of NASA, or 
employee of such contractor prepares, disseminates, or provides 
access to, any information pursuant to his employment of con- 
tract with NASA, or his employment with such contractor. 
Requests for copies of this report should be referred to: 
National Aeronautics and Space Administration 
Office of Scientific and Technical Information 
Attention: AFSS-A 
Washington, D. C. 20546 
TABLE O F  CONTENTS 
Paqe hTo. 
I
In t roduct ior i  . . . . . . . . . . . . . .  . . . . . .  1 
F i l m  Formation by C l o s e  Space Vapor Transpor t  . . . .  3 
Film Dopant Study. . . . . . . . . . . . . . . . . . .  5 
Discuss i o n  . . . . . . . . . . . . . . . . . . .  5 
Conclusions . . . . . . . . . . . . . . . . . . .  1 0  
Sur face  Etching of CdS . . . . . . . . . . . . . . . .  1 2  
Non-Aqueous Barrier  S o l u t i o n  S t u d i e s  . . . . . . . . .  1 6  
Mclten S a l t  Baths . . . . . . . . . . . . . . . .  1 6  
Organic So lven t  Baths . . . . . . . . . . . . . .  1 7  
22  
2 4  
25 
25 
26 
Preformed Col lec tor  Grid Design . . . . . . . . . . .  
d l e c t r o d e p o s i t e d  Grids . . . . . . . . . . . . . . . .  
P h o t o r e s i s t  Masking . . . . . . . . . . . . . . .  
E l e c t r o p l a t i n g  S o l u t i o n s .  . . . . . . . . . . . .  
A n t i d i f f u s i o n  I n t e r f a c e  Metals. . . . . . . . .  
Weight Reduction by Etching.  . . . . . . . . . . . . .  27 
. . . . . . . . . . . . . . . . . . . . . .  27 P i l o t  L ine  
Evaporat ion 27 . . . . . . . . . . . . . . . . . . . .  29 Gridding. 
29 
3 1  
A p p e n d i x I . .  . . . . . . . . . . . . . . . . . . . .  5 0  
. . . . . . . . . . . . . . . . . . .  
Laminat ion.  29 
C e l l  Tes t ing .  . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . .  
R e s u l t s  . . . . . . . . . . . . . . . . . . . . .  
3 
DEVELOPMENT OF CADMIUM SULFIDE 
PHOTOVOLTAIC FILM CELL 
BY 
J. C.  Schaefer, J .  Evans, and T.  A. G r i f f i n  
ABSTRACT 
Contro l  of t h e  carr ier  c o n c e n t r a t i o n  i n  t h e  CdS f i l m  has  
provided improved y i e l d s .  Voltages up t o  0 .55  v o l t s  and 
ce l l  convers ion  e f f i c i e n c i e s  up t o  7 .1% w e r e  r e p o r t e d  
w i t h  t y p i c a l  c e l l  e f f i c i e n c i e s  ranging from 4 . 0  t o  5 . 4 % .  
The c o r r e l a t i o n  between c e l l  open c i r c u i t  v o l t a g e  and 
c a r r i e r  c o n c e n t r a t i o n  of t h e  f i l m  has been demonstrated. 
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Summary 
improvement i n  t h e  r e p r o d u c i b i l i t y  of high e f f i c i e n c y  cel ls  and 
t h e  e l i m i n a t i o n  of s t o r a g e  degrada t ion  of CdS t h i n  f i l m  s o l a r  
cells on molybdenum s u b s t r a t e s .  The o b j e c t i v e s  e s t a b l i s h e d  f o r  
t h e  c o n t r a c t  w e r e  (1.) o p e r a t i o n  of a p i l o t  l i n e  t o  i n v e s t i g a t e  
iinprovements and t o  determine y i e l d s ,  and ( 2 )  t o  i n c r e a s e  ce l l  
e f f i c i e n c y  by c o n t r c l l e d  doping of t h e  Cd6 L i l m .  I t  was found 
The scope of t h i s  program requ i r ed  s t u d i e s  d i r e c t e d  towards 
t h a t  c o n t r o l l e d  carrier concen t r a t i on  a f f e c t e d  an e f f i c i e n c y  
i n c r e a s e  and produced an i n c r e a s e  i n  y i e l d .  
S t u d i e s  have shown a c o r r e l a t i o n  between f i l m  c a r r i e r  con- 
c e n t r a t i o n  and f i n a l  c e l l  open c i r c u i t  vo l t age .  C a r r i e r  concen- 
open c i r c u i t  vo l t ages  ranged from 0.34 t o  0.54 v o l t s .  
t r a t i o n s  s t u d i e d  ranged from t o  lo1’ carriers p e r  c m  3 . C e l ’  
CdS p o l y c r y s t a l l i n e  f i l m s  w e r e  doped wi th  group I B  accep tor  
atoms copper,  s i l v e r ,  and go ld ,  and Group I11 B donor atoms cad- 
mium, indium and gal l ium.  I t  was n o t  p o s s i b l e  t o  d e t e c t  t h e  
dopants i n  t h e  f i l m  when t h e  s t a r t i n g  m a t e r i a l  conta ined 0 .01 ,  
0 . 0 0 1  and 0 . 0 0 0 1  atomic pe rcen t  i m p u r i t i e s  s p e c i f i e d .  A l a r g e  
excess  of dopant was r equ i r ed  i n  t h e  i n i t i a l  charge i n  t h e  boa t  
t o  o b t a i n  d e t e c t a b l e  amounts i n  t h e  f i l m .  
A c i d  e t c h i n g  of  t h e  CdS f i l m  b e f o r e  b a r r i e r  format ion was 
found t o  be  e s s e n t i a l .  Approximately 1 micron (0.5 mi l l igrams 
p e r  c m  ) must be  removed from a 25 micron t h i c k  evaporated CdS 
f i lm.  Although s u l f u r i c  a c i d  provided t h e  most c o n s i s t e n t  re- 
s u l t s  f o r  t h e  major p o r t i o n  of s tudy ,  a f t e r  p rocess  changes 
w e r e  made hyd roch lo r i c  a c i d  y i e l d e d  cells  wi th  t h e  h i g h e s t  
e f f i c i e n c i e s .  
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The b a r r i e r  format ion w a s  examined from t h e  s t andpo in t  of 
aqueous and non-aqueous s o l v e n t  ba ths .  Organic ba ths  produced 
cel ls  of s l i g h t l y  h ighe r  open c i r c u i t  v o l t a g e  b u t  lower c u r r e n t  
d e n s i t y  t han  t h o s e  from t h e  aqueous ba ths .  
Conversion f r o m  t h e  mylar-nylon type  of encapsu la t ion  t o  
t h e  mylar-epoxy and t h e  Kapton-epoxy types  n e c e s s i t a t e d  a change 
i n  t i m e  and temperature  f o r  laminat ion.  
t h e  ce l l  a f f e c t e d  t h e  j u n c t i o n  and r equ i r ed  c o n t i n u a l  reevalua- 
The h e a t  app l i ed  t o  
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tion of cell processing. The epoxy type package does provide 
a more stable cell. 
Both the electroplated and the thermo-compression type 
grids were investigated. Using a non-cyanide go16 plating bath, 
electroplated grid cells were fabricated with efficiencies up 
to 5.3% on nominal 3"  x 3" areas. A s  directed by NASA, the 
electroplated grid process was discontinued in the seventh month. 
It was demonstrated that a CdS thin film cell can be griddcd 
with as few as 20 lines per inch. This grid can collect the 
current efficiently for those cells having a low barrier sheet 
resistance. 
cells and 5.4% for the 4 4  cm2 units (at a temperature of 25OC 
and simulating conditions of air mass 1 100 mw/cm2 sunlight). 
The light source used for these tests was calibrated against 
standards provided by NASA-Lewis Research Center. The stan- 
2 Maximum cell efficiencies are reported as 7.1% for a 3.7 cm 
dards were calibrated at high altitude and terrestrial sun 
light, and were cross referenced in the Le.R.C. laboratory. 
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Introduction 
This report describes the research and development per- 
formed on a thin film energy conversion device as a follow-on 
effort to contract NAS3-7631. .The device converts solar energy 
to electrical energy by means of a junction between cadmium 
sulfide and copper sulfide. The completed device is thin, 
flexible and lightweight. The contents of the report have been 
arranged in a sequence corresponding to the order of fabrication. 
A flow diagram has been included. 
The thin film cadmium sulfide solar cell has been developed 
sufficiently to become attractive as a space power source. The 
problems of reproducibility in the production of high efficiency 
cells and the retention of such efficiency over a long storage 
period were to be studied. 
Two objectives were established as a means of studying the 
above problems. A laboratory assembly line for cell fabrication 
was to be used to investigate improvements and to increase yields. 
The second objective was to affect an increase in cell efficiency 
by doping the cadmium sulfide. 
This report discusses the methods used and interprets data 
obtained in reaching these objectives. 
Each processing step in the assembly line was evaluated and 
reevaluated when indicated. Prior to the present work a large 
variation in film properties was evident. One of these is the 
carrier concentration of the film. Pressure control during 
evaporation has aided in regulating the carrier concentration. 
As a result, the correlation of carrier concentration to cell 
open circuit voltage has been demonstrated. 
CdS polycrystalline films were doped with group IB acceptor 
atoms copper, silver, and gold, and Group I11 B donor atoms, cad- 
ium, indium and gallium. It was not possible to detect the do- 
pants in the film when the starting material contained 0.01, 0.001 
and 0.0001 atomic percent impurities. A large excess of dopant 
was required in the starting material to realize detectable amounts 
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in the films. These cells were processed in the standard 
manner. The majority of cells had linear I-V characteristics, 
the remainder having very poor diode characteristics with low 
current output and an open circuit voltage less than 0.35 volts. 
With such poor characteristics it was not possible to obtain 
meaningful capacitance measurements because of the very large 
dissipation factors. Spectral response measurements were made 
whenever possible but showed no significant variation from 
those obtained for undoped CdS films with the same carrier con- 
centrations. The ceils made from the undoped CdS films, which 
were produced from the same evaporator, had an average efficiency 
of between 4 and 5 percent. High efficiency cells were never 
made from those films with carrier concentrations less than 3 x 
3 per cm . Typical spectral responses for the undoped CdS 
cells are shown. These films all had resistivities of the order 
of 1 ohm cm. The cells produced had capacitances of the order of 
20 millimicrofarads per cm . 2 
The effect of etching the CdS films was studied extensively. 
Initially experiments showed concentrated sulfuric acid to be 
the preferred etchant. After changes in cell fabrication tech- 
niques, a repetition of the above experiments indicated that 
dilute HC1 was the better etchant. It gave higher current densities. 
The barrier formation has been established as an exchange re- 
action between copper (ous) and cadmium resulting in the formation 
of a cuprous sulfide layer at the surface of the etched cadmium 
sulfide. The amount and quality of cuprous sulfide formed is a 
function of immersion time, temperature, and composition of the 
bath. A saturated cuprous chloride bath is satisfactory but its 
useable life is about three hours. A complex copper bath has 
been developed with a lifetime of about three weeks. Immersion 
times are always less than one minute at elevated temperatures. 
Experiments with organic solvents and molten salts were 
conducted in an attempt to reduce the amount of ambient water and 
oxygen during chemi-plating. Bath temperatures were higher for 
the molten salts and reaction rates were so rapid that most of 
the CdS was converted to Cu2S. The use of organic solvents 
I 
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permi t ted  ba th  temperatures  up t o  160OC.  S a l t  concen t r a t i ons  
up t o  1500 grams p e r  l i t e r  w e r e  p o s s i b l e  f o r  t h e  o rgan ic  b a t h s ,  
compared t o  1 .5  grams p e r  l i t e r  i n  w a t e r .  T h i s  made a v a i l a b l e  
an excess  supply of copper w i t h  a g r e a t l y  improved b a t h  sta-  
b i l i t y .  
Heat must be app l i ed  t o  t h e  CdS-Cu2S u n i t  t o  f o r m  a junc- 
t i o n .  The h e a t  i s  ob ta ined  from (1) t h e  b a r r i e r  ba th  (90°C 
f o r  5 s econds ) ,  ( 2 )  subsequent  h e a t  t rea tment  (25OOC f o r  2 
minu te s ) ,  and ( 3 )  laminat ion (190OC f o r  30 minu te s ) .  I t  has  
been found t h a t  t h e  h e a t  t r e a t m e n t  a t  25OOC should be t a i l o r e d  
t o  a given ce l l  wi th  t h e  t i m e  range of 0 t o  2 minutes. A 
pho tovo l t a i c  response  be fo re  laminat ion i s  important  i n  ob ta in-  
i n g  a h igh e f f i c i e n c y  cel l .  
F i l m  Formation by Close Space Vapor Transpor t  
The formation of CdS f i l m s  by evapora t ion  i s  of such a 
na tu re  t h a t  more c o n t r o l l a b l e  methods a r e  d e s i r a b l e .  Close 
space  vapor t r a n s p o r t  was chosen. 
Although the  d e t a i l s  of t h e  method v a r i e d  dur ing  t h e  i n-  
v e s t i g a t i o n ,  certain e s s e n t i a l  f e a t u r e s  remained t h e  same. A l l  
f i l m  forming ope ra t i ons  w e r e  performed i n  a vacuum b e l l  j a r  
system. T h e  cadmium s u l f i d e  charge was d i s t r i b u t e d  evenly  
ac ros s  a f l a t  pan. The s u b s t r a t e  w a s  pos i t i oned  a s h o r t  d i s-  
t ance  above t h e  pan. P re s su re s  of ope ra t i on  (gauge) w e r e  he ld  
i n  t h e  range of 1 t o  1 0  microns. 
s u b s t r a t e  t o  t h e  boa t  l i t e r a l l y  formed a c lo sed  box. 
s u r e  i n  t h i s  system w a s  cons iderab ly  h igher  than  f o r  evapora- 
t i o n .  
The c l o s e  proximity of t h e  
The pres-  
Boat materials selected f o r  examination w e r e  tanta lum and 
q u a r t z .  The tanta lum w a s  a t t acked  slowly producing a l a y e r  of 
powder between the  tanta lum and t he  r e s i d u a l  CdS.  T h i s  a l s o  
changed t he  t r a n s p o r t  rate. 
pos i t i oned  on a tanta lum h e a t i n g  s t r i p  w a s  found t o  be  sat-  
The combination of a q u a r t z  b o a t  
i s f a c t o r y .  A thermocouple w a s  a t t a c h e d  below t h e  hea t ing  s t r i n .  
A s imilar  s enso r  w a s  pos i t i oned  above t h e  s u b s t r a t e .  
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A h e a t e r  w a s  p laced  above t h e  s u b s t r a t e  t o  supply h e a t  as 
needed. 
S u b s t r a t e  m a t e r i a l s  i n v e s t i g a t e d  w e r e  molybdenum, copper,  
1010  s teel ,  i n v a r ,  copper- clad molybdenum, b r a s s ,  chromium- 
p l a t e d  zirconium, and t i t an ium.  A t  t h e  temperatures  r equ i r ed  
f o r  t r a n s p o r t ,  only  molybdenum and t i t a n i u m  r e t a i n e d  s u i t a b l e  
p r o p e r t i e s .  Copper and copper-coated molybdenum d e t e r i o r a t e d  
because of convers ion t o  copper s u l f i d e .  
on t h e  s teel  and i n v a r  lacked adhesion,  whi le  t h a t  depos i ted  
on t h e  chromium-plated zirconium adhered t o  some e x t e n t .  Sand- 
b l a s t e d  molybdenum w a s  t h e  most s u i t a b l e .  Acid e tched  moly- 
bdenum was n o t  s u i t a b l e  f o r  f i l m  th i cknes se s  g r e a t e r  than 0 . 7  
m i l ,  i17l.11. 
The CdS depos i t ed  
A n  excess  of cadmium i n  t h e  f i l m  was n o t  apparen t  as i n  
t h e  ca se  of evapora t ion .  Dopants had t o  be  mixed wi th  t h e  CdS 
charge t o  o b t a i n  lower r e s i s t i v i t y  f i l m s .  Cont ro l  and repro-  
d u c i b i l i t y  w e r e  considered t o  be good. Table I shows t y p i c a l  
r e s u l t s  which are p l o t t e d  i n  F igure  2 .  
Table I 
Data on Dopant Conc. and R e s i s t i v i t y  - Vapor Transpor t  
F i l m  Dopant . F i l m  . F i l m  
Sample N o .  i n  Charqe Thickness R e s i s t i v i t y  
V 132 0 mol % 25p 4 . 3  x ohm-cm 
V 2 4 7  1 . 7  x 29 3.8 x 1 0  
V 266 3.0 x 1 2  1 . 9  x 1 0  
v 212  5.0 x 22  3.8 
V 263 5.0 x 25 3.5 
3 
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The g e n e r a l  procedure w a s  t o  evacuate  and r e f i l l  wi th  argon 
s e v e r a l  t i m e s  and t o  use  a t i t a n i u m  s t r i p  as a g e t t e r .  A gauge 
p re s su re  between 1 and 1 0  microns was maintained dur ing  each 
run. 
The b o a t  temperature  ranged from 600 t o  900OC. The usua l  
temperature  range was 830 t o  850OC. A temperature  d i f f e r e n t i a l  
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of 50 t o  15OOC w a s  always maintained between b o a t  and s u b s t r a t e  
as opposed t o  a 800 t o  900°C d i f f e r n e c e  f o r  evapora t ion .  
ter  on t h e  s u r f a c e  of t h e  f i l m s  was d i scovered  t o  be whisker 
growth of CdS. T h e  growth was such t h a t  t h e  whiskers  would 
f l e x  and wave wi th  changes i n  a i r  c u r r e n t  a c r o s s  t h e  s u r f a c e .  
Figure  N o .  3 is  included t o  i l l u s t r a t e  t h e  i n d i v i d u a l  whiskers .  
They appear t o  have had a molten t i p  dur ing  growth which s o l i d -  
i f i e d  on coo l ing .  
t r i c a l  c h a r a c t e r i s t i c s  w e r e  noted f o r  f i l m s  from which the  
whiskers had been removed. There a r e  i n d i c a t i o n s  t h a t  i n  eva- 
pora ted  f i l m s  those  w i th  s m a l l  c r y s t a l l i n e  p a t t e r n s  produced 
cells  s u p e r i o r  t o  those  from f i l m s  d i s p l a y i n g  l a r g e  c r y s t a l l i n e  
p a t t e r n s .  
A phenomenon which had o r i g i n a l l y  been assumed t o  be spa t-  
C e l l s  made from these f i l m s  w e r e  n o t  good. B e t t e r  elec- 
C e l l  q u a l i t y  of vapor t r a n s p o r t  f i l m s  never equa l l ed  t h a t  
ob ta ined  from normal evapora t ion  cond i t i ons .  I t  may be t h a t  
t h e  b a r r i e r  format ion procedures b e s t  s u i t e d  f o r  evaporated 
f i l m s  are n o t  s u i t e d  f o r  the vapor t r a n s p o r t  f i l m s .  A continu-  
a t i o n  of t h i s  work would have t o  t a k e  t h i s  i n t o  cons ide ra t i on .  
F i l m  Dopant Study: 
Discuss ion 
T h i s  work’was a s tudy  of t h e  e f f e c t  of doping t h e  C d S  f i l m s  
a s  a p o s s i b l e  method of i n c r e a s i n g  ce l l  e f f i c i e n c y .  
The f i r s t  approach was t h e  dbping of t h e  CdS powder t o  t h e  
r equ i r ed  l e v e l  and then evapora t ing  from a s i n g l e  source .  Each 
b o a t  r equ i r ed  15 grams of CdS wi th  1 0 0 ,  1 0  and 1 ppm dopant respec-  
t i v e l y .  Batches of 200 grams w e r e  processed a t  a t i m e .  I n i t i a l l y ,  
t h i s  amount of powder w a s  doped t o  t h e  l e v e l  of 0 . 0 1  atomic per-  
c e n t  and mixed thoroughly i n  a b lender  f o r  s e v e r a l  hours .  Then 
20 grams of t h i s  powder w e r e  mixed w i t h  a known weight  of CdS t o  
reduce t h e  doping l e v e l  t o  0 . 0 0 1  atomic pe rcen t .  This  procedure 
w a s  aga in  repea ted  t o  a t t a i n  t h e  lowest  doping l e v e l  of 0 .0001  
atomic percen t .  Ca l cu l a t i ons  of c a r r i e r  concen t r a t i on  w e r e  made 
assuming t h a t  t h e  composition of t h e  evaporated f i l m  was t h a t  of 
powder charge and t h a t  a l l  t h e  dopant  and only  t h e  dopant w a s  
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i on ized .  The v a l u e s  ob ta ined  were 2 x 2 x and 
2 x 10l6 carriers p e r  c m 3  r e s p e c t i v e l y .  
t h e s e  c a l c u l a t e d  v a l u e s  and those  ob ta ined  f r o m  H a l l  c o- e f f i c i e n t  
data i s  shown i n  Table  11. The expected c o r r e l a t i o n  between 
doping l e v e l  and corresponding c a r r i e r  c o n c e n t r a t i o n  w a s  n o t  
e v i d e n t .  
A comparison between 
I n  t h e  undoped CdS evapora ted  f i l m ,  t h e  carr iers  a r e  due 
t o  t h e  excess  cadmium incorpora ted  i n t o  t h e  cadmium s u l f i d e  
l a t t i c e .  I n  o r d e r  t o  see any e f f e c t s  due t o  dopant atoms, t h e  
c o n c e n t r a t i o n  of t h e  excess  Cd i n  t h e  l a t t i c e  would have t o  
carriers p e r  c m  . Then, f o r  1 6  be reduced t o  a minimum of 1 0  
example, t h e  carriers provided by t h e  dopant atoms ( 2  x 1 0  
p e r  c m 3  a t  t h e  lowest doping l e v e l )  would be i n  t h e  m a j o r i t y .  
Therefore ,  a method had t o  be found t o  produce undoped CdS f i l m s  
of a c o n t r o l l e d  low carrier concen t ra t ion .  
3 
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I n  o r d e r  t o  achieve  t h i s ,  a thorough i n v e s t i g a t i o n  had 
t o  be made of t h e  parameters  i n  t h e  evapora t ion  p rocess  t h a t  
p l a y  a dominant r o l e  i n  t h e  p r o p e r t i e s  of t h e  f i n a l  f i l m .  The 
v a r i a b l e s  i n v e s t i g a t e d  w e r e  ra te  of evapora t ion  and s u b s t r a t e  
temperature.  These t w o  f a c t o r s  govern t h e  ra te  of d e p o s i t i o n .  
The car r ie r  c o n c e n t r a t i o n  was then  p l o t t e d  v e r s u s  rate of 
depos i t ion .  The graph i n d i c a t e d  t h a t  a l o w  ra te  would produce 
a low c a r r i e r  concen t ra t ion .  The. evapora t ing  system was then  
completely modif ied.  Cooling co i l s  w e r e  i ncorpora ted  on t h e  
base p l a t e  and a t  t h e  feedthroughs  f o r  t h e  power t e r m i n a l s  t o  
d i s s i p a t e  t h e  h e a t  produced dur ing  t h e  long runs .  Some eva- 
p o r a t i o n s  r e q u i r e d  24  hours .  The r e s u l t s  ob ta ined  both  be fo re  
and a f t e r  t h i s  change are shown i n  Figure  4 .  Those obta ined 
a f t e r  t h e  m o d i f i c a t i o n  show a great deal o f  sca t ter  i n d i c a t i n g  
t h a t  rate  of d e p o s i t i o n  a lone  w a s  n o t  t h e  on ly  f a c t o r  govern- 
i n g  t h e  carr ier  c o n c e n t r a t i o n ,  F i l m s  wi th  t h e  r e q u i r e d  l o w  
carrier c o n c e n t r a t i o n  w e r e  n o t  ob ta ined  and t h e  d isadvantages  
of running ve ry  long evapora t ions  w e r e  numerous. 
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T a b l e  I1 
Doped Samples 
Sample 
AI- 010- 1 
AI-010-2 
A1-010-3 
AI-0 0 1- 1 
Ax-00 1-2 
A1-0 0 1- 3 
AI-00 1-1 
A1-00 1-2 
A1-001-3 
In-010-1  
111-010-2 
In- 010- 3 
In-0  0 1- 1 
In-0  0 1- 2 
In- 001- 3 
Doping L e v e l  Calculated 
A t o m i c  P e r c e n t  C a r r i e r s / c c  
.01 A 1  % 2 x 10l8 
.001 A 1  % 2 
.0001 A1 % 2 x 
18 .01 I n  % 2 x 10  
.001 I n  % 
In- 000 1- 1 
In- 0001- 2 .0001 I n  % 
In- 0001- 3 
1 7  2 x 10 
2 x 
H a l l  Measurements 
C a r r i e r s / c c  
18 6 . 4 5  x 1 0  
H a l l  sample peeled 
off  S u b s t r a t e  
18  
18 
3.9 x 1 0  
1 .5  x 1 0  
6 .25  x 1 0  
6.63 x 1 0  
6 .25  x 10  1 7  
2 . 0 1  x 10  18 
1.37 x 10l8 
2 . 5 1  x 10l8 
18 5 .45  x 10  
1 7  
1 7  
7 .15  
7 .45  x 10l8 
18 2.4 x 1 0  
2 .23  x 10l8 
1 8  1 .66  x 1 0  
9.26 x 1 0  17 
1.01 x 10 18 
1.01 x 10l8 
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A new approach w a s  tried u t i l i z i n g  techniques  s i m i l a r  t o  
those of vapor t r a n s p o r t .  I n  t h i s  c a s e ,  t h e  s u b s t r a t e  tempera- 
t u r e  w a s  2OO0C, t h e  b o a t  tempera ture  w a s  700-800°C and t h e  
s e p a r a t i o n  between t h e  source  and s u b s t r a t e  w a s  4 c m s .  A d i a-  
g r a m  i s  shown i n  F igure  5. I n i t i a l l y  it w a s  d i f f i c u l t  t o  
produce t h i c k  enough f i l m s .  T h i s  w a s  caused by reevapora t ion  
from t h e  s u b s t r a t e  i n  p l a c e s  t h a t  had received e x c e s s i v e  heat  
radiated from t h e  boa t .  
i n g  t h e  CdS powder i n  t h e  boat w i t h  a t h i n  l a y e r  of ceramic 
f i b e r ,  g i v i n g  s o m e  p r o t e c t i o n  and enab l ing  much more uniform 
f i l m s  t o  be produced. T h i s  a lso e l imina ted  t h e  e j e c t i o n  of 
CdS g r a i n s  f r o m  the  boat. The adhes ion  between t h e  CdS f i l m  
and molybdenum s u b s t r a t e  w a s  improved by s a n d b l a s t i n g  t h e  sub- 
s t r a t e ,  b u t  t h e  f i l m s  d i d  n o t  endure subsequent  p rocess ing  i n  
a l l  cases. 
Th i s  w a s  overcome by completely cover- 
During t h i s  t i m e ,  a new technique  had t o  be in t roduced  t o  
measure l o w  v a l u e s  of carr ier  concen t ra t ion .  T h e  c a r r i e r s  i n  
t h e  evapora ted  f i l m  have a low m o b i l i t y .  When t h i s  i s  combined 
w i t h  t h e  high r e s i s t i v i t y  i n h e r e n t  i n  f i l m s  w i t h  carr ier  con- 
c e n t r a t i o n s  between 1 x and 1 x 1 0  carr iers  p e r  c m  , 
o p e r a t i n g  c o n d i t i o n s  are  such as t o  approach t h e  l i m i t  of 
r e s o l u t i o n  of t h e  s i g n a l  i n  H a l l  v o l t a g e  measurements. Measure- 
ments of t h e  Seebeck v o l t a g e  and tempera ture  drop across t h e  
l e n g t h  of t h e  sample pe rmi t t ed  t h e  de te rmina t ion  of l o w  carr ier  
c o n c e n t r a t i o n  from a c a l i b r a t i o n  curve.  T h i s  method has t h e  
added advantage of  be ing  simple.  
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The close space  method gave l o w  carr ier  c o n c e n t r a t i o n  CdS 
f i l m s .  Work then  cont inued on doping f i l m s .  In2S3, InC13 and 
A1C13 w e r e  used as t h e  dopants ,  b u t  w i t h  no i n c r e a s e  i n  carrier 
concen t ra t ion .  
t o  l o w  vapor p r e s s u r e ,  therefore InC13 w a s  s u b s t i t u t e d .  N o  
change w a s  noted. Spect rographic  a n a l y s i s  t h e n  showed t h a t  
t h e  composi t ion of t h e  f i l m  w a s  n o t  t h a t  of  t h e  powder. I n  
f ac t  t h e  h ighes t  doping l e v e l  of 1 0 0  ppm i n  t h e  powder gave 
less than  1 ppm dopant i n  t h e  f i n a l  f i l m .  
I t  w a s  suspected  for  In2S3 t h a t  t h i s  w a s  due 
The A l C 1 3  gave poor r e s u l t s .  A t  t h i s  p o i n t  it appeared 
l i k e l y  t h a t  a chemical r e a c t i o n  w a s  o c c u r r i n g  i n  t h e  boat con- 
v e r t i n g  t h e  c h l o r i d e  t o  t h e  s u l p h i d e ,  which has an  extremely 
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l o w  vapor p r e s s u r e .  A t  a boat tempera ture  of  about  8OOOC 
aluminum su lph ide  could  n o t  be evapora ted .  
I t  w a s  p o s s i b l e  t o  raise t h e  carrier c o n c e n t r a t i o n  i n  
t h e  f i l m  by adding a l a r g e  excess  of  dopant ,  t h a t  i s  f o r  ex- 
ample, 5 m g m s  impur i ty  t o  1 5  grams CdS charge used i n  t h e  boat. 
Many of t h e s e  doped f i l m s  w e r e  processed.  They w e r e  c h a r a c t e r-  
i z e d  by a l o w  open c i r c u i t  v o l t a g e  and a high series r e s i s t a n c e ,  
t h e  l a t t e r  probably being caused by poor adherence between f i l m  
and s u b s t r a t e .  Because of ve ry  poor dark curves  and low f i l l  
f ac tor  i n  t h e  l i g h t  cu rves ,  it w a s  d i f f i c u l t  t o  ensure  meaning- 
f u l  d a t a  from capac i t ance  and s p e c t r a l  response  measurements. 
Because f i l m s  produced by t h i s  close spaced method of  
evapora t ion  r e s u l t e d  i n  poor cel ls ,  t h e  s t a n d a r d  evapora t ion  
procedure w a s  resumed. One parameter  t h a t  had n o t  p rev ious ly  
been correlated w i t h  f i l m  p r o p e r t i e s  was t h e  p r e s s u r e  w i t h i n  
t h e  b e l l  j a r .  There i s  d i f f i c u l t y  i n  o b t a i n i n g  an a b s o l u t e  mea- 
surement of p r e s s u r e  between source  and s u b s t r a t e ,  because it 
i s  no t  f e a s i b l e  t o  o p e r a t e  a gauge f o r  any l e n g t h  of t i m e  i n  
a n  atmosphere where it would become coated  w i t h  CdS. ?/lonitor- 
i n g  t h e  p r e s s u r e  a t  some e x t e r n a l  p o i n t  i n  t h e  l i n e  d i d  show 
t h a t  a h igh  p r e s s u r e  w i t h i n  t h e  b e l l  j a r ,  i n  t h e  range loe4- 
t o r r  could  g i v e  f i l m s  of carr ier  concen t ra t ion  w i t h i n  t h e  
range - p e r  cm3.  A pyrex chimney in t roduced t o  en- 
close t h e  space  between source  and s u b s t r a t e -e n s u r e s  more con- 
t r o l  over  t h e  atmosphere i n  which t h e  f i l m  grows. (F igure  6 . )  
This  a lso reduces t he  p o s s i b i l i t y  of  contaminat ion f r o m  i m-  
p u r i t i e s  remaining on p a r t s  w i t h i n  t h e  b e l l  ja r .  The chimney 
w a s  c leaned a f t e r  each evapora t ion .  
F i l m s  produced us ing  t h e  chimney had l o w  r e s i s t i v i t i e s  
of t h e  o r d e r  of 1 ohm c m .  Values of 1 0  - 1 0 0  ohm c m  w e r e  
c h a r a c t e r i s t i c  of f i l m s  produced under t h e  s t a n d a r d  evapora t ion  
c o n d i t i o n s  wi th  t h e  same carrier  concen t ra t ion .  I t  became 
apparent  t h a t  t h e r e  w e r e  c e r t a i n  minimum requirements  f o r  t h e  
system f r o m  which f i l m s  w i t h  r ep roduc ib le ,  c o n t r o l l e d  character- 
i s t ics  may be produced. The tanta lum b o a t s  "age" r a p i d l y  and 
are e s s e n t i a l l y  d i f f e r e n t  f o r  each subsequent  evapora t ion .  
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With t h e  p r e s e n t  des ign  it i s  also d i f f i c u l t  t o  p o s i t i o n  a 
thermocouple such t h a t  it w i l l  remain free from co r ros ion  and 
su rv ive  t h e  evapora t ion .  The tanta lum boa t  should be super-  
seded by a q u a r t z  boa t  of d i f f e r e n t  des ign ,  ( 2 )  i n  which the  
thermocouple i s  f u l l y  p r o t e c t e d ,  pe rmi t t i ng  t h e  boa t  temperature  
t o  be monitored throughout t h e  run. This  new boa t  combined wi th  
t h e  pyrex enc losure  and uniformly heated s u b s t r a t e  should make 
p o s s i b l e  t h e  product ion of f i l m s  w i t h  more c o n s i s t e n t  q u a l i t i e s .  
i m p u r i t i e s  of copper ,  s i l v e r ,  and go ld  i n t o  t h e  evaporated f i l m .  
A s  f o r  t h e  donor e l emen t s ,  an excess  of accep to r  dopant had t o  
be mixed i n  wi th  t h e  CdS charge i n  o r d e r  t o  detect any i n  t h e  
f i lm .  Those f i l m s  produced i n  t h e  t h r e e  c a s e s  had high va lues  
of c a r r i e r  concen t r a t i on  of approximately 1 x pe r  c m  . 
This  was a f a c t o r  of 1 0  g r e a t e r  t han  t h a t  ob ta ined  f o r  undoped 
CdS f i l m  evaporated under t h e  same cond i t i ons  and i s  t h e  r eve r se  
of what might have been expected.  
of t h e  dopant was migra t ing  t o  t h e  g r a i n  boundar ies  and no t  
being incorpora ted  i n  t h e  f i l m  as an accep to r .  T h i s ,  of course ,  
r a i s e s  t h e  ques t i on  a s  t o  whether o r  no t  t h e  Group I11 donor i m-  
p u r i t i e s  might a l s o  have acted i n  a l i k e  manner. 
Experiments w e r e  conducted t o  i n c o r p o r a t e  Group I- B  accep to r  
3 
I t  may be t h a t  t h e  ma jo r i t y  
There a r e  two cons ide ra t i ons  which p l a c e  doubt on t h i s  i n t e r -  
p r e t a t i o n .  F i r s t ,  dopants  a r e  normally incorpora ted  i n t o  a 
c r y s t a l  l a t t i c e  wi th  e a s e .  Secondly, t h e  s u r f a c e  of t h e  doped 
sample, on which t h e  measurements w e r e  made, was leached i n  
cyanide t o  remove t h e  dopant .  The carrier concen t r a t i on  and 
r e s i s t i v i t y  w e r e  remeasured bu t  showed no s i g n i f i c a n t  change. 
An exp lana t ion  of t h i s  might be t h a t  only  the  s u r f a c e  dopant 
atoms w e r e  removed a l lowing any change t o  go undetected because 
of too  low a s e n s i t i v i t y  i n  the  measurement. However, t h e  r e s u l t s  
a r e  puzz l ing  and must awai t  f u r t h e r  exper imentat ion.  
Conclusions 
When undoped CdS f i l m s  a r e  produced by t h e  s t anda rd  evapora-  
t i o n  procedure t h e  c a r r i e r  concen t r a t i ons  vary  between t h e  
l i m i t s  of 2 x and 2 x 1OI8 p e r  cm3.  This  i s  due t o  n a t i v e  
d e f e c t s  i n  t h e  f i l m ,  t h a t  i s ,  excess Cd incorpora ted  i n t o  the  
C d S  l a t t i c e .  I n  order t o  see t h e  effect  of dopant atoms t h e  
c o n c e n t r a t i o n s  of these n a t i v e  defects should be reduced t o  
10l6 p e r  c m  . 
t h e  doping level of 0 .0001  atomic p e r c e n t  t h e  carriers c o n t r i -  
buted t o  t h e  l a t t i c e  would be 2 x 
i n  t h e  m a j o r i t y .  Therefore ,  a major p a r t  of t h e  t i m e  w a s  devoted 
t o  t h e  i n v e s t i g a t i o n  of t h e  parameters  which played a dominant 
ro le  i n  determining t h e  carrier c o n c e n t r a t i o n  of t h e  pure  evapora ted  
CdS f i lm.  Methods d e s c r i b e d  ear l ier  w e r e  found t o  produce f i l m s  
w i t h  carr ier  c o n c e n t r a t i o n s  ranging from 1 x 10l6 t o  5 x 1 0  
c m  . I t  w a s  then  p o s s i b l e  i n  t h e  case of indium and ga l l ium t o  
i n c o r p o r a t e  dopant atoms i n t o  t he  f i l m ,  b u t  t he  c o n c e n t r a t i o n  
w a s  always less than  t h a t  of t h e  s t a r t i n g  m a t e r i a l .  N o  success  
w a s  achieved w i t h  aluminum. 
3 The reason for  t h i s  l o w e r  l i m i t  i s  t h a t  a t  
p e r  c m 3  and would be 
18 
p e r  
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The group I B  accep to r  atoms copper ,  s i l v e r ,  and gold w e r e  
i ncorpora ted  i n t o  t h e  f i l m .  The Seebeck v o l t a g e  measurements 
i n d i c a t e d  an i n c r e a s e  i n  carrier c o n c e n t r a t i o n  ra ther  than  a 
dec rease  which would be expected on adding a p- type dopant t o  
an  n- type l a t t i ce .  The r e s u l t s  of making cel ls  f r o m  doped 
f i l m s  have n o t  been encouraging. The m a j o r i t y  had l i n e a r  I- V  
character is t ics .  The remainder w e r e  ve ry  poor d iodes  having 
open c i r c u i t  v o l t a g e s  less than  0.35 v o l t s ,  w i t h  l o w  c u r r e n t  
ou tpu t .  
t h e  range 2 x 
t h o s e  i n  the range of 5 x 
a r e s i s t i v i t y  i n  t h e  order of 1 ohm- cm produced good cells.  The 
e f f i c i e n c y  v a l u e s  w e r e  c o n s i s t e n t l y  between 4 and 5 pe rcen t .  
Undoped CdS f i l m s  w i t h  carr ier  c o n c e n t r a t i o n s  varying  over 
p e r  cm3 and having 
t o  3 x 1OI8 p e r  c m 3  w e r e  i n v e s t i g a t e d .  Only 
18 and 3 x 1 0  
Typica l  s p e c t r a l  response curves  of t h e s e  p a r t i c u l a r  cel ls  
are shown i n  F igures  7a and 7b. A comparfson of t h e  t w o  curves  
shows a d i f f e r e n c e  i n  ce l l  o u t p u t  w i t h  t h e  f irst  curve showing 
a g r e a t e r  overa l l  response.  The i n c r e a s e  i n  response  a t  2 . 4  e V  
i n  F igure  7a i n d i c a t e s  t h a t  p a r t  of t h e  j u n c t i o n  i s  i n  t h e  CdS. 
The r a p i d  decay of response  above 2.5 e V  i n  Figure  7b i s  n o t  
r e a d i l y  e x p l a i n a b l e  i n  t e r m s  of a s imple  p-n j u n c t i o n  model. 
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Sur face  Etching of CdS 
The g o a l  of t h i s  s tudy  w a s  t o  determine how the e t c h i n g  
The e t c h a n t s  used w e r e :  
of t h e  CdS f i l m  affected cel l  e f f i c i e n c y .  
concen t ra ted  HC1;  1:l HC1:H20 ,  
concen t ra ted  H 2 S 0 4 ;  1:l H 2 S 0 4 : H 2 0 ;  40% H I ;  4 8 %  H B r  and con- 
c e n t r a t e d  HN03.  The e t c h i n g  rates w e r e  ob ta ined  by immersing 
samples of CdS f i l m s  i n t o  each of t h e  above e t c h a n t s  f o r  var- 
i o u s  t i m e  i n t e r v a l s .  The m a s s  change of t h e  CdS f i l m  w a s  
p l o t t e d  v e r s u s  t h e  t i m e  of  immersion. A r e p r e s e n t a t i v e  set 
of curves  i s  shown i n  F igure  8.  
The e t c h i n g  r a t e s  of 1:l H C 1 : H 2 0  and 40% H I  are l i n e a r  
wi th  t i m e .  The e t c h i n g  rates of concen t ra ted  H C 1 ,  concen- 
trated H 2 S 0 4  and 4 8 %  H B r  fo l low a square  r o o t  curve .  T h i s  
l e a d s  one t o  conclude t h a t  e t c h i n g  i s  d i f f u s i o n  l i m i t e d  
i n  t h e  l a t t e r  case .  This  l i m i t a t i o n  could be a t t r i b u t e d  t o  t h e  
f a c t  t h a t  t h e  e t c h a n t  i s  n o t  i n  immediate c o n t a c t  w i t h  t h e  
CdS s u r f a c e  a t  a l l  t i m e s  du r ing  t h e  e t c h i n g  p rocess .  I n  t h e  
case of concen t ra ted  H 2 S 0 4 ,  where t h e  e t c h i n g  r a t e  i s  slower, 
t h i s  i s  m o r e  obvious.  A f t e r  a f i l m  w a s  exposed t o  H 2 S 0 4  f o r  
a s h o r t  t i m e  a t h i n  milky c o a t i n g  formed on t h e  s u r f a c e .  
This  l a y e r  obvious ly  affected t h e  e t c h i n g  rate .  I n  o r d e r  t o  
achieve an immediate c o n t a c t  between t h e  e t c h a n t  and t h e  s u r-  
face t h e  e t c h a n t s  w e r e  a g i t a t e d .  However, t h i s  d i d  n o t  make 
a l l  rates l i n e a r .  I t  on ly  inc reased  them s l i g h t l y .  
There are  t w o  p o s s i b l e  e x p l a n a t i o n s  why t h e  e t c h i n g  of 
t h e  C d S  s u r f a c e  p r i o r  t o  t h e  format ion  of t h e  barr ier  l a y e r  
i s  b e n e f i c i a l .  The e t c h a n t s  remove e i t h e r  any annealed t h i n  
l a y e r s  of CdS from t h e  s u r f a c e ,  o r  t h e  amorphous CdS which i s  
depos i t ed  between t h e  c r y s t a l l i t e s  dur ing  t h e  l a s t  phase of  
t h e  evapora t ion .  Consequently,  t h e  amount of CdS removed or  
t h e  e t c h i n g  dep th  i s  of  primary impor tance ,  
Having ob ta ined  t h e  e t c h i n g  rates f o r  a l l  e t c h a n t s  i n-  
v e s t i g a t e d ,  t h e  CdS f i l m s  could  be e tched  t o  a predetermined 
depth.  Various amounts of CdS w e r e  removed ranging from 0.20 
t o  1 .5  m g m s  p e r  c m  . C e l l s  w e r e  made from a l l  t h e  samples. 
I n  g e n e r a l  t h e  v a l u e s  of open c i r c u i t  v o l t a g e  and s h o r t  c i r -  
2 
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c u i t  c u r r e n t  w e r e  comparable f o r  a l l  samples which had t h e  
same amount of  CdS removed. H o w e v e r ,  i n  t h e  1 . 0  t o  1 . 5  mgms 
p e r  c m  range t h e  open c i r c u i t  v o l t a g e  v a l u e s  w e r e  low and t h e  
shun t  r e s i s t a n c e s  w e r e  r a t h e r  poor.  These r e s u l t e d  i n  l o w  
e f f i c i e n c y  cel ls .  The poor shunt  r e s i s t a n c e  v a l u e s  and t h e  l o w  
va lues  of open c i r c u i t  voltage can be exp la ined  as fo l lows.  
2 When as  much a s  1 . 0  mqm p e r  c m  o r  more of CdS i s  removed, t h e  
e tch ing  a long t h e  g r a i n  boundaries  of  t h e  c r y s t a l l i t e s  w a s  t o o  
deep. Then when t h e  b a r r i e r  l a y e r  was formed t h e  d i s t r i b u t i o n  
of copper s u l f i d e  w a s  uneven. This  r e s u l t e d  i n  a deeply  pen- 
e t r a t i n g  l a y e r  of Cu2S and poor I- V c h a r a c t e r i s t i c s .  
t h e s e  obse rva t ions  it w a s  concluded t h a t  0 . 7  m g m s  p e r  cm2  of 
CdS i s  t h e  p e r m i s s i b l e  l i m i t  of t h e  m a s s  t h a t  can be removed and 
0.3 t o  0 . 5  mgms p e r  c m  w a s  optimum. The amount of copper  s u l -  
f i d e  formed p e r  u n i t  area on a uniformly e tched  CdS s u r f a c e  i s  
independent of t h e  amount of CdS removed. The t i m e  of immersion 
a l o n e  determines t h e  amount of copper s u l f i d e  formed. A weight  
g a i n  a f t e r  p l a t i n g  w a s  d e t e c t e d .  Th i s  confirmed t h a t  t h e r e  i s  
indeed a double d isp lacement  r e a c t i o n  t a k i n g  p lace .  Two copper 
i o n s  i n  t h e  cuprous s t a t e  are s u b s t i t u t i n g  f o r  each d i s p l a c e d  
cadmium ion .  
2 
Because of 
2 
With t h e  except ion  of H2S04 and H N 0 3 ,  t h e  o t h e r  e t c h a n t s  
d i d  no t  leave any r e s i d u e s  behind. The r e s i d u e  on t h e  su r-  
f a c e  of t h e  CdS a f t e r  e t c h i n g  i n  H2S04 can  be adequate ly  re- 
moved w i t h  d i s t i l l e d  w a t e r .  Etching wi th  n i t r i c  a c i d  w a s  n o t  
examined thoroughly f o r  t w o  reasons .  F i r s t ,  i t  a t t a c k s  CdS 
v i o l e n t l y  and e t c h e s  i n  a manner ve ry  d i f f i c u l t  t o  c o n t r o l .  
Second, it leaves  behind areas of amorphous s u l f u r .  
For t h e  i n i t i a l  p o r t i o n  of t h i s  s tudy H2S04 w a s  t h e  p r e f e r r e d  
e t c h a n t  because t h e  r e s u l t i n g  ce l ls  w e r e  more s t a b l e .  C e l l s  
made a f t e r  H C 1  e t c h i n g ,  whi le  i n i t i a l l y  as good as  t h o s e  made 
a f t e r  H2S04 e t c h i n g ,  w e r e  less stable.  However, when t h e  en- 
c a p s u l a t i n g  material  w a s  changed from Mylar-Nylon t o  Mylar- 
Astrochemical cement, ce l ls  made us ing  both  H 2 S 0 4  and H C 1  
e t c h a n t s  w e r e  s t a b l e .  When a m o r e  e f f i c i e n t  r i n s i n g  technique  
w a s  employed a f t e r  e t c h i n g  1:l H C 1 : H 2 0  w a s  t h e  p r e f e r r e d  e t c h a n t  
s i n c e  t h e  r e s u l t i n g  ce l l s  had h igher  c u r r e n t  d e n s i t i e s  w i t h  
h igher  e f f i c i e n c e s .  See Table  111. 
13 
1 
a 
a, 
-4 
k 
a 
3 
; 
*ti 
c, 
a 
I= 
a 
c, 
C 
a c u 
c, 
a, 
1 
m 
g 
\ 
[If 
k 
a, 
-4 
c 
P m m m  
m w m m  
N N d N  
. . . .  
V 
c 
m m w m r l  P w N w  m w w m  O m w m P  
m m m w m  m m m d  w w m m  w m O N N  
dl-irlrld N m N m  m m m m  m m m m m  
. . . . . . . . . . . . . . . . . .  
V 
o w m m  
m m m w  
. e . .  
L n N  w 
m o l  m 
. .  
k 
k 
a u 
P 
l-i 
m o  
4 
H 
H X  
H 
m w .  
G I N  
I 
c, 
C 
a 
PI 
0 a 
0 z 
I 
x u 
-ti 
A 
c, 
m 
rl 
a 
i$ 
c 
w u a w  
m m N m  
. . . . . . . .  . . . .  . . . . . .  
0 0 0  0 0 0  
u a w  
0 0 0  0 0 0  
mmco rldrl 
0 0 0  m 
NNN a, m 
a 
k 
a, 
2 
N 
w w w  
r ldd 
0 0 0  
m m m  
N N N  w w u  
X X X  X X X  u u u  
C C C  rll-irl 0 0 0  ...... 
u u u  4 4 4  
X X X  u u u  
C G C  
0 0 0  u u u  
X Z X  u u u  
C C G  
0 0 0  u u u  
. .  . .  
cr 
0 
m 
X 
N 
d 
W em 
E: 
0 
-4 
c, 
m 
E: 
-4 
GI 
k 
a, 
c, 
4-1 
m 
rn 
h m 
5 
n 
w -  
4-1 60 w- 
h 
k 3  
3 E  
PI- 
h 
um 
WE 
H- 
e 
rn 
u4J 
3 
sz 
W 
2 
-4 
B -  u 
sa, 
urn 
4J- w 
c, 
c, 
m c 
u 
4J w 
=e 
E 
rl 
T I  
Erc 
W W W W  W W W W W  
c 
In* 
mco 
r l N  
V 
. .  
In 
0 
rl 
c 
Ncn 
N m  
c 
Frl 
m *  . .  
0 
W 
id 
A u 
4 
a, 
m m r l c n  
NPFIn 
N N N N  
. . . .  w co 
N 
VI 
0 
rt 
cn 
m 
rl 
w 
0 
W 
co*o*pcn 
O c o O W W  
N N M N N  
. . . . .  
O F *  
W W I n  
rlrlrl 
. . .  mcoInNco 
U ) m m I n I n  
rlrlrlrlrl 
. . . . .  c u r l o m  
c o o o c n  
rlrl 
. . . .  
# 
m c o * r l  
W m w w  N c n c n F c o  m m m m m  
o w c c n c n  
W I n W I n I n  
O F C n c n  
* m m m  
co 
A d  
0 
H d  
H 
H X  
cn 
a, 
b’, m 
k 
a, 
% 
a, s 
4 
c 
-4 
a 
a, a 
1 
rl u c 
-4 
0 0 0  
N N N  
0 0 0  * * *  0 0 0  cowco 
c 
c, 
m 
IQ 
I= 
0 0  
m a m  
x az u au 
G O G  
O k O  
u n  u 
d4 w 
ma, N 
* * w  
0 0 0  
mcnm 
m m m  u u u  
C C G  
0 0 0  u u u  
N N N  
w w *  
0 0 0  
mcnm 
z x m  u u u  
C C E :  
0 0 0  u u u  
NNN 
N 
rlrlrl E u u u  u 
X Z Z  
P 
rlrlrl u u u  m m z  
r ldd  
rlrlrl 
.. **  .. r l r t r l  
rlrlrl 
...... m 
m 
a, 
L 
4 c ,  
0 
* *  c , z  
w 
0 cn 
X 
N 
With any e t c h a n t  t h e  t i m e  w a s  chosen so t h a t  approxi-  
mately 0.5 mgms p e r  c m 2  of CdS w a s  removed from t h e  f i l m  
p r i o r  t o  t h e  formation of t h e  b a r r i e r  l a y e r .  
Non-Aqueous Barr ier  S o l u t i o n  S t u d i e s  
Moisture has a d e l e t e r i o u s  e f f e c t  on CdS so la r  cel ls .  
Oxygen has been found t o  change t h e  p- type c h a r a c t e r  of 
Cu2S. See appendix I. Complete removal of w a t e r  and oxy- 
gen  dur ing  p rocess ing  would s e e m  i d e a l .  T o  accomplish t h i s  
r educ t ion  o r  e l i m i n a t i o n  i t  i s  necessary  t o  s u b s t i t u t e  or-  
gan ic  l i q u i d s  o r  l i q u i d  s a l t s  f o r  w a t e r .  I t  must be k e p t  
i n  mind t h a t  t h e  b a r r i e r  format ion  r e a c t i o n  i s  e s s e n t i a l l y  
t h e  s u b s t i t u t i o n  of 2 Cu' f o r  Cd+2 i n  t h e  f i l m .  
blem then  i s  t o  make ba ths  t h a t  provide  cuprous i o n s .  
The pro- 
Molten S a l t  Baths 
Cuprous c h l o r i d e  molten s a l t  systems w e r e  examined and 
s e v e r a l  w e r e  found t o  have reasonably l o w  e u t e c t i c  mel t ing  
p o i n t s .  Table I V  l i s ts  some of t h e  systems cons idered .  
S a l t s  
CuC1-NH4C1 
CuC1-KC1 
CuC1-RbC1 
CuC12-PbC12 
C uC 1 - Na C 1 
CuC12-CaC12 
CuC1-LiC1 
TABLE I V  
S a l t  Systems 
Approximate 
E u t e c t i c  P o i n t  
12OOC 
13OOC 
1 4 O O C  
29OOC 
315OC 
4OOOC 
42OOC 
Approximate Composition 
4 0  m o l  % N H 4 C 1  
65 mol % K C 1  
35 mol % RbC1 
70  m o l  % PbC12 
28 m o l  % N a C l  
15 m o l  % C a C 1 2  
20  mol % L i C l  
Those systems wi th  e u t e c t i c  me l t ing  p o i n t s  under 3OOOC 
w e r e  g iven s e r i o u s  c o n s i d e r a t i o n .  Operat ion of such b a t h s  
i n  t h e  l i q u i d u s  range w a s  f e a s i b l e .  Cont inual  use  of  such 
ba ths  would g r a d u a l l y  cause  changes i n  t h e  mel t ing  p o i n t .  
Several of t h e s e  systems w e r e  examined b u t  w e r e  n o t  adopted 
because t h e  r e a c t i o n  rates w e r e  t o o  high.  Many t i m e s  t o o  
l a r g e  a p o r t i o n  of t h e  CdS f i l m  w a s  conver ted  t o  copper s u l f i d e .  
React ion t i m e s  w e r e  so s h o r t ,  of  t h e  o r d e r  of  a few 
1 
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seconds,  t h a t  reasonable  c o n t r o l  w a s  d i f f i c u l t .  
The only  s u c c e s s f u l  o p e r a t i o n  was t h e  very  r a p i d  immer- 
s i o n  and immediate r e t r i e v a l  of a 1 m i l  t h i c k  CdS f i l m  i n  
t h e  CuC1-KC1 ba th .  N o  ou tpu t  was apparen t  u n t i l  a f ter  l a m i -  
na t ion .  
s u b s t r a t e  area. 
wi th  i nc reased  ba th  temperatures .  
The cel l  produced 0.43 vol t s  and 1 4  m a  f o r  a 3 cm2 
The problems w e r e  p r o p o r t i o n a l l y  g r e a t e r  
The Conclusion i s :  
Recommendations: 
( 2 )  
Organic So lven t  Baths 
C e l l s  can be  produced. The 
procedure i s  n o t  p r e s e n t l y  
p r a c t i c a l  because o f :  
a .  D i f f i c u l t y  i n  c o n t r o l l i n g  
t h e  r e a c t i o n  t i m e .  
b. D i f f i c u l t y  removing t h e  
f i l m  of f rozen  sa l ts .  
Development of  a very  low t e m-  
p e r a t u r e  b a t h  wi th  a e u t e c t i c  
p o i n t  about  1 0 0 ° C  by t h e  s tudy  
of 3 and 4 component b a t h s .  
For example: a KC1-A1 C13-Cu 
C 1  b a t h  should  have a low m e l t -  
i n g  p o i n t  s i n c e  KC1-A1C1 has  
a 115OC e u t e c t i c  p o i n t .  3This 
w i l l  pe rmi t  t h e  use  of  reason-  
a b l e  immersion t i m e s .  
Development of such a ba th  a s  
i n  (1) w i l l  make it p o s s i b l e  t o  
vary  t h e  copper concen t ra t ion .  
The r e s u l t s  of an exp lo ra to ry  t e s t  t o  determine t he  solu-  
b i l i t y  of  t h e  s a l t s ,  i n  some o rgan ic  s o l v e n t s  a r e  shown i n  
Table V. Cuprous s a l t s  have low s o l u b i l i t y  i n  t h e  high d i e l e c-  
t r i c  formamide, and i n  t h e  low d i e l e c t r i c  e thy l ene  g lyco l .  The 
a d d i t i o n  of t h e  corresponding sodium s a l t  i n c r e a s e s  s o l u b i l i t y .  
The format ion of one or  more complex anions  i s  probably respon- 
sible .  I t  w a s  s u r p r i s i n g  t h a t  t h i s  e f f e c t  w a s  noted f o r  ethy-  
l e n e  g l y c o l  s i n c e  such o rgan ic s  are seldom good s o l v e n t s  f o r  
i no rgan ic  sa l ts .  
t o  determine whether a Cu-Cd r e a c t i o n  t a k e s  p lace .  The evid-  
ence w a s  a dark l a y e r  on t h e  CdS. 
CdS f i l m s  w e r e  immersed i n  t h e  b a t h s  l i s t e d  i n  Table V 
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TABLE V 
Solvent 
Formami de 
Formamide 
Formamide 
Formamide 
Formarni.de 
Solubility Tests in Organic Solvents 
Ethylene Glycol 
Ethylene Glycol 
Ethylene Glycol 
Salt 
CUI 
Solubility & Remarks 
None at Room Temperature 
CuBr None at Room Temperature 
CUI + NaI Some at Room Temperature, 
Clear Blue 
CuBr  + NaBr Complete at Room Temperature 
CuCl + NaCl Complete at Room Temperature 
Blue Solution 
CuBr + NaBr Some at Room Temperature 
After 2 Hours 
CUI None at Room Temperature 
CUI + NaI Soluble at Room Temperature 
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A t  room tempera ture ,  b a r r i e r  r e g i o n s  w e r e  noted only  f o r  
t h e  complex ba ths .  The  formamide s o l u t i o n s  w e r e  b lue .  The 
c o l o r  may have been due t o  t h e  format ion  of  t h e  cupro-ammonia 
complex s i n c e  formamide c o n t a i n s  the  NH2 r a d i c a l .  N o  photo- 
v o l t a i c  o u t p u t  w a s  noted f o r  cel ls  processed i n  t h i s  t y p e  of  
ba th .  The e t h y l e n e  g l y c o l  formed ye l lowish  s o l u t i o n s  i n d i c a t i n g  
t h e  presence  of t h e  cuprous ion .  C e l l s  w e r e  f a b r i c a t e d  f r o m  
t h i s  type  of bath.  
A f t e r  a 1 0  minute immersion i n  t h e  formamide-bromide 
type  ba th  a r e a c t i o n  w a s  ev iden t .  Evidence of r e a c t i o n  occured 
a f t e r  1 5  minutes f o r  t h e  e t h y l e n e  g l y c o l  type .  N o  immediate 
p h o t o v o l t a i c  effect  w a s  produced i n  e i ther  case. However, heat- 
i n g  t h e  ce l ls  made i n  e t h y l e n e  g l y c o l  fo r  5 minutes a t  2 O O O C  
produced a s l i g h t  power o u t p u t .  
Wi th  t i m e  a green  l a y e r  formed a t  t h e  s u r f a c e  of t h e  for-  
mamide bath which g r a d u a l l y  expanded toward t h e  bottom i n d i c a t -  
i n g  a r a p i d  o x i d a t i o n  of t h e  Cu t o  Cu . + 3-2 
T h e  e thy lene  g l y c o l  b a t h  appeared t o  be worthy of con- 
t i n u e d  i n v e s t i g a t i o n .  A t  1 2 O O C  t h e  b a t h  w a s  c lear  and color- 
less. T h i s  i n d i c a t e d  a very low copper i o n  hydra t ion  l e v e l .  
I n  order t o  de termine  what might be t h e  best  combination 
of s a l t s  and e t h y l e n e  g l y c o l ,  f o u r  combinationswere t r i ed .  
These w e r e  NaBr+CuBr, NaI+CuI, LiBr+CuBr and LiI+CuI. There  
w e r e  about  150  c e l l s  made i n  these f o u r  baths.  The kimes and 
tempera tures  of chemi- plat ing w e r e  v a r i e d .  The r e s u l t s  a r e  
summarized i n  Table  V I .  
Based on t h e  r e s u l t s  i n  these tests, t h e  LiI+CuI i n  ethy-  
l e n e  g l y c o l  appeared t o  be t h e  m o s t  promising o rgan ic  ba th .  
T h i s  b a t h  w a s  used i n  a l l  subsequent  experiments.  I t  c o n s i s t e d  
of 8 5  grams of L i I ,  and 70 grams of C U I  i n  1 0 0  m l  of  e t h y l e n e  
g l y c o l .  
S e v e r a l  experiments  w e r e  made us ing  t h i s  ba th .  Chemi- 
p l a t i n g  t i m e s  and bath tempera tures  w e r e  v a r i e d .  The best con- 
d i t i o n s  w e r e  found t o  be a 1 t o  2 second immersion a t  llO°C t o  
12OOC. Many cells  w e r e  f a b r i c a t e d .  I n  t h e  m a j o r i t y  of cases t h e  
open c i r c u i t  v o l t a g e  w a s  c l o s e  t o  0 . 5  v o l t s ,  and i n  some cases it 
1 
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TABLE V I  
Ethylene Glycol Barr ier  Baths 
C e l l s *  
Isc 
Bath B e s t  C o n d .  ma/cm2 C o m m e n t s  
N a B r + C u B r  1 2 O o C ,  2 sec., 1 0  t o  1 3  S o m e  of best ce l l s ,  
b u t  n o t  very con- 
s i s t a n t  results.  
conc. 
N a I + C u I  1 2 O o C ,  1 sec., 5 t o  9 
conc. o r  7OoC,  
4 sec., conc. 
L i B r + C u B r  1 2 O o C ,  2 sec., 5 t o  10  
D i l u t e  (10 g r  
C u B r ,  12 g r  L i  
B r  i n  1 0 0  ml E.G.)  
L i I + C u I  1 2 O o C ,  2 sec., 1 0  t o  1 3  Most c o n s i s t a n t  re- 
conc. s u l t s  
* C e l l s  w e r e  1" x 1". Many cel ls  w e r e  5% o r  greater i n  s p i t e  
of t h e  rather l o w  cur ren t  d e n s i t i e s .  
J 2 0  
w a s  g r e a t e r .  The h i g h e s t  v o l t a g e  a t t a i n e d  w a s  0.55 vo l t s .  
An example of t h e  h i g h e s t  voltage cel ls  i s  shown i n  Figure  9 .  
Even though e f f i c i e n c i e s  as  h igh  as 5.4% w e r e  measured, t h e  
s h o r t  c i r c u i t  c u r r e n t  remained l o w .  The maximum c u r r e n t  den- 
s i t y  w a s  1 6  m a  p e r  c m  . M o s t  ce l ls  made i n  t h e  o rgan ic  b a t h  
had c u r r e n t  d e n s i t i e s  i n  t h e  1 0  t o  1 4  m a  p e r  c m  range.  
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Elsewhere i n  t h i s  r e p o r t  t h e  r e l a t i o n s h i p  between open 
c i r c u i t  v o l t a g e  and carrier c o n c e n t r a t i o n  of t h e  CdS f i l m  
has  been demonstrated. This  r e l a t i o n s h i p  i s  shown f o r  ce l ls  
f a b r i c a t e d  us ing  t h e  aqueous p l a t i n g  s o l u t i o n .  Films of 
v a r i o u s  carr ier  c o n c e n t r a t i o n s  w e r e  p l a t e d  i n  t h e  o rgan ic  b a t h  
and no d e f i n i t e  c o r r e l a t i o n  could  be e s t a b l i s h e d .  Films w i t h  
c a r r i e r  c o n c e n t r a t i o n  i n  t h e  range 5 x t o  2 x 1 0  p e r  
c m 3  y i e l d e d  open c i r c u i t  v o l t a g e s  of 0.5 v o l t s  o r  greater.  
Because of t h e  h igher  open c i r c u i t  v o l t a g e s  t h e  o rgan ic  
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ba ths  m e r i t  f u r t h e r  i n v e s t i g a t i o n .  An i n c r e a s e  i n  c u r r e n t  
d e n s i t y  w i l l  p rovide  a s u p e r i o r  ce l l .  
Severa l  tests  w e r e  made i n  an e f f o r t  t o  improve t h e  cur-  
r e n t  d e n s i t y .  Various e t c h a n t s  w e r e  t r i e d  both  be fo re  and 
a f t e r  chemi- plat ing.  
s o l v e n t s .  The s t andard  method of pre- etching seemed t o  be 
of va lue  when very  long p l a t i n g  t i m e s  w e r e  used. 
These inc luded HC1, H2S04, and s u l f u r  
The h e a t  c y c l e  a f t e r  chemi-plating w a s  v a r i e d .  Low t e m-  
p e r a t u r e  hea t ing  up t o  2 hours  d i d  no t  improve t h e  ce l l  a l though 
capac i t ance  measurements i n d i c a t e d  t h a t  wider  j u n c t i o n s  w e r e  
produced. 
One of t h e  g r e a t e s t  advantages of  t h e  o rgan ic  b a t h  over  
t h e  aqueous b a t h  i s  t h e  o p e r a t i n g  temperature.  Temperatures 
w e l l  over  1 0 0 ° C  minimize t h e  o x i d a t i o n  of Cu' t o  C U ' ~ .  An 
experiment w a s  conducted i n  which h a l f  of  a group of  f i l m s  
w a s  p r o t e c t e d  from oxygen dur ing  p rocess ing .  Completed ce l ls  
revea led  t h a t  t h e  open c i r c u i t  v o l t a g e  w a s  approximately t h e  
s a m e  i n  both  groups.  However, t h e  c u r r e n t  d e n s i t y  w a s  greater 
by a fac tor  of 2 f o r  t h e  group p r o t e c t e d  from oxygen. This  
group y i e l d e d  some of t h e  h i g h e s t  c u r r e n t  d e n s i t i e s  obta ined 
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2 (16 ma per cm ) .  
The areas for experiments are the concentration of the 
bath, the plating temperature, the plating time, the effect 
of oxygen, and the heating cycle after plating. The scope of 
the contract did not permit an exhaustive study. 
Preformed Collector Grid Design 
The current collector for the p-layer is composed of grid 
lines in the form of a screen. Several factors affect the 
collection efficiency. The final cell characteristics are 
affected by grid adherence, conductance, transmission, and 
quality of contact. 
was too expensive. In an effort to find an equivalent but more 
economical grid certain problems were encountered. 
A suitable grid was readily available but 
Theoretical calculations ( 3 )  based on certain measured 
parameters of the electroplated barrier cell indicated that a 
grid with 20 lines per inch would be adequate. Experimental 
results at that time indicated that commercially available 70  
lines per inch grids provided the highest cell efficiencies. 
These were electroformed precious metal grids. The best grid 
that a vendor could supply at a reasonable price was etched 
copper. A compromise at 50 lines per inch was chosen. 
The vendor encountered problems in making a grid from the 
drawing submitted. (Figure 10). Fillets were necessary at 
each line intersection for strength. The specified transmis- 
sion level could not be attained. It was also difficult to 
maintain the grid line width. 
below the required 85% transmission. 
Many of the grids received were 
A thin layer of gold was plated over the grid before 
attachment to the barrier surface. This was necessary to 
isolate the barrier from the copper and to improve adherence. 
This caused a 5% l o s s  in transmission. 
Since the earlier calculations, many changes have been 
made in the process. These include modifications in film 
formation, barrier formation, and lamination. 
Several 1" x 1" cells were made with various lines per inch 
2 2  
grids. (cf. Table VII). All cells were plated and processed 
identically and simultaneously. The data indicated that the 
heat cycle should be varied according to the grid spacing used. 
The 20 lines per inch cells were superior to those with the 50  
lines per inch. The difference in efficiency was more than the 
4% difference in transmission. It was noted that the 2 0  lines 
per inch gridded cells did not display a high series resistance. 
Table VI1 Cell Data with Various Lines Per Inch 
Cell Grid Trans voc Isc Area Eff. - -
280- 9 280  l/in. 67.5% 0 . 3 7 ~  27  ma 3.7 cm 1 . 3 %  
313- 8 280  67 .5  0 .34  28 3.7 1 . 0  
3 1 3- 1  90  85.3 0 . 4 1  40 3 .7  1 . 3 5  Poor Curve 
313- 2 50  8 5  0.42 50 3.7 2.84 
313- 3 5 0  8 5  0.43 53  3.7 3 . 5  
313- 4 5 0  8 5  0.44 48 3.7 3.2 
313- 5  2 0  89 0.47 5 5  3.7 4.2 IV curve showed 
poor shunt 
resistance 
313- 6 2 0  89  0.47 57 3.7 4.0 
313- 7 2 0  8 9  0.46 58 3.7 3 . 2 5  
The sheet resistance of several Hall samples of CdS was 
measured. Then a barrier was formed on the surface and the sheet 
resistance of the combination was measured. The Hall sample from 
film 3 1 3  (used in this test) measured only 6 3 0  ohms per square. 
The Hall samples from seven other films varied from 3 3 0  to 4 4 0 0  
ohms per square. When the sheet resistance of the CdS was com- 
pared to that of the CdS plus the barrier little difference was 
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noted. What this means is not clear. Another method of mea- 
suring the barrier sheet resistance is needed. A circuit 
similar to that used previously ( * )  where the potential is 
balanced along the underlying layer should clarify the re- 
sults. 
There was not sufficient time to complete these experi- 
ments. It does appear that, for certain films with lower sheet 
resistance values, cell power can be increased by reducing the 
number of grid lines per inch. (See Table V I I )  
Electrodeposited Grids 
The electrodeposited grid technique is a method of apply- 
ing a metal contact directly to the p-type cuprous sulfide 
layer. The grid used was a 7 0  lines per inch, square con- 
figuration which has an 85% optical transmission. Using a 
photoresist masking technique the grid was deposited on the 
p-type layer directly from a metal plating solution. Because 
of the intimate contact provided by this method, electroplated 
grid cells have been superior to all other types on thermal 
cycling tests. The main improvement resulted from the use of 
a non-cyanide gold plating bath. The cells from this bath 
were more uniform in electrical and physical characteristics. 
Metals which act as diffusion barrier between the p-type 
cuprous sulfide and electroplated copper grid were investi- 
gated. Copper in direct contact with the barrier degrades 
the cell. Two interface metals, nickel and palladium, were 
found to be unsuitable because they had a deleterious effect 
on the cell output. 
Up to this time efficiencies were low using either grid- 
ding technique (electroplating or thermo-compression). The 
thermo-compression type was favored because it did not entail 
an immersion of the cell in an aqueous solution and it did 
not require as much setup time. 
used exclusively during the remaining period. 
Thermo-compression grids were 
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Photoresist Masking 
A variable speed, high torque spinner for photoresist appli- 
cation was designed and built. The turntable was equipped with a 
vacuum chuck. Using this spinner, thick uniform photoresist films 
with a few pinholes were produced. 
be a multiple coat method using decreasing spinner speeds. 
coats of photoresist were applied, each followed by a 2500 rpm 
spin. Two additional coats were applied, each followed by 1000 
rpm spin. The coated cells were then dried in an air convection 
oven at 6OoC for 15 minutes. A Sylvania Sun Gun was used to ex- 
pose the coating through a suitable mask for 90 seconds. A 
developer and water rinse completed the photoresist procedure. 
The best technique was found to 
Two 
Electroplating Solution 
One of the difficulties encountered in electrodepositing grids 
is the degradation caused by immersing the cell in an aqueous solu- 
tion. The power loss due to a short exposure to moisture is re- 
coverable by heat treatment. Non-aqueous plating solutions were 
Therefore, aqueous baths must be used, but 
immersion times should be minimized. 
found unsuitable. (5) 
At the beginning of the contract period the procedure consisted 
of an initial deposition of a thin 24K gold layer (0.2 microns thick) 
followed by a thicker layer (2 .0  microns thick) of a high conductivity 
gold alloy. This procedure evolved because the pure gold bath re- 
quired an extended time (45 minutes) to obtain a grid of proper 
conductivity. The gold alloy required only 12 minutes. However, 
the gold a l l o y  does not make a good ohmic contact with the p-type 
layer. The initial pure gold layer provides protection while the 
gold alloy layer provides conductivity. The total immersion time 
for both processes was 15 minutes. 
Both of the above baths were cyanide-complex types, buffered 
to prevent the formation of free cyanide. When a commercial non- 
cyanide gold bath became available, an investigation as to its 
suitability was begun. This is a high speed (15 minutes for 3 
microns) pure gold deposit which has a remarkably good appearance 
even when plated on a surface as irregular as the barrier layer. 
As opposed to the two step method above, this non-cyanide process 
yielded shiny, well defined grids. The non-cyanide process was 
adopted as standard after a comparison test based on cell photo- 
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voltaic properties. 
Two copper plating solutions, copper sulfate and copper fluoro- 
borate were used to deposit grids. The Hull cell method was used 
initially to determine the optimum plating conditions (100 ma per 
cm ) from the aspect of physical appearance. Cells plated at the 
normally recommended current densities invariably resulted in non- 
photovoltaic units with linear I-V curves. Heating after plating 
did not improve the units. 
2 
Both copper baths were then operated at the lowest current den- 
sities recommended and were finally diluted to permit further cur- 
rent density decreases (8 to 10 ma per cm2 at 25OC). 
obtained had low open circuit voltages ( 0 . 2  volts) and poor grid 
adherence. These baths were investigated further in conjunction 
with the plating of palladium and nickel antidiffusion layers. 
The best cells 
Antidiffusion Interface Metals 
Although copper is more conductive and less costly than gold, 
attempts to utilize it as an electroplated grid metal have pro- 
duced cells with low open circuit voltages. Spectral response 
measurements show that the copper reacts with the p-type cuprous 
sulfide layer converting it partially or wholly to cupric sulfide. 
An interface layer of a diffusion-preventing metal may avoid this 
problem. Two metals, palladium and nickel, were chosen. 
Palladium was investigated first. Grids were electrodeposited 
in three ways: Standard 3.011 Au; 0.211 Pd plus 2.011 Ad; and 0.211 Pd 
plus 2 . 0 ~  Cu. Compared to the standard gold, both groups of cells 
plated with palladium had 20- 40% less short circuit current. Those 
plated with copper had 10- 20% less open circuit voltage. Thus, 
palladium is not a desirable interface metal. 
A similar series of tests were conducted using nickel. Be- 
cause of low open circuit voltages nickel was also rejected. 
Results 
The best cell produced was a 44 cm2 cell of 5.3% efficiency. 
The characteristics of the best cells are listed in Table VIII. It 
should be noted that the electroplating procedure was discontinued 
before a substantial number of high efficiency cells were produced 
by any gridding technique. For this reason, only a few 4% cells 
with electroplated grids can be listed, since only a few of the 
films processed were potentially 4% cells. Only 1 6  out of 116 
electroplated grid cells had efficiencies above 3%. 
1 
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TABLE VI11 
ELECTROPLATED GRID CELL EFFICIENCIES 
voc Isc Pwr Area 
Cell No. Volts ma - mw - cm2 Efficiency % 
39c .43 760 231 44 5.3 
219D .49 650 175 44 4.0 
225D .46 720 218 44 
259C .44 595 167 38.5 
259D .44 680 191 38.5 
235-2 .43 700 202 47.5 
5.0 
5.0 
5.0 
4.3 
Weight Reduction by Etching 
Molybdenum of 2 mil thickness is used as a substrate to 
facilitate handling through lamination. After lamination, the 
excess molybdenum can be removed from the rear of the cell by 
etching. An acid spray etching chamber was used. Four 3" x 3" 
cells were etched simultaneously. The acid solution was sprayed 
against the exposed substrate surface for a period of about three 
minutes. Rinsing and air drying completed the process. The 
molybdenum thickness ranged from 0.3 to 0.5 mil after etching. 
2 
weighs 4 grams. After etching the average weight is reduced to 1.8 
grams. The yields are exceedingly high. Efficiency and power out- 
put remain unchanged. 
Pilot Line 
On the average, a finished 3" x 3" CdS cell [active area 44 cm ] 
Evaporation 
Evaporation of CdS thin films has become a more controllable 
and better understood process as a result of changes in technique. 
The method of preparation of the substrate was improved. Pre- 
viously it was etched prior to the evaporation of the CdS. NASA 
noted, however, that cells which has been subjected to tests showed 
a separation of the CdS film from the substrate. This is detri- 
mental to the performance of the cell, because of increased series 
resistance. Adherence was improved by sandblasting the substrates. 
This improvement should result in less damage during thermal 
cycling. 
1 
27 
The n a t u r e  of t h e  CdS f i l m ,  i . e . ,  i t s  p h y s i c a l  and e lec t r ica l  
p r o p e r t i e s ,  l a r g e l y  determines t h e  performance of t h e  so la r  cel l .  
For  t h i s  reason it w a s  of g r e a t  importance t h a t  c o n t r o l  be achieved 
i n  evapora t ion ,  P r i o r  t o  t h i s  c o n t r a c t ,  t h e  evapora t ion  para-  
meters w e r e  s t andard ized  b u t  t h e  f i l m  was n o t  s u f f i c i e n t l y  uniform. 
During t h i s  c o n t r a c t ,  s t e p s  w e r e  taken t o  improve t h e i r  reproduci-  
b i l i t y .  The carrier c o n c e n t r a t i o n  and t h e  r e s i s t i v i t y  of  t h e  f i l m  
w e r e  taken as parameters .  The m o s t  d e s i r e a b l e  range of  carr ier  
' concen t ra t ion  f o r  t h e  b e s t  ce l ls  was from 5 x t o  2 x 1 0  18 
3 p e r  c m  . Using undoped CdS powder, t h e  ca r r i e r  c o n c e n t r a t i o n s  
ranged from 1 x t o  4 x 1 0  p e r  c m  . With t h e  s t a n d a r d  evap- 
o r a t i o n  technique  no f i l m s  w e r e  ob ta ined  w i t h  car r ier  c o n c e n t r a t i o n s  
i n  t h e  range of 5 x t o  9 x p e r  c m  . I t  w a s  impera t ive  
t h a t  t h e s e  v a l u e s  be achieved.  By c o n t r o l l i n g  t h e  p r e s s u r e  i n  t h e  
b e l l  j a r  dur ing  t h e  evapora t ion  t h e s e  va lues  of  carr ier  concentra-  
t i o n  w e r e  a t t a i n e d .  
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A p l o t  of  t h e  c a r r i e r  c o n c e n t r a t i o n  of t h e  i n i t i a l  CdS f i l m  
versus  t1:e or2n c i r c u i t  v o l t a g e  of t h e  f i n a l  c e l l  shows a r e s u l t  
of  t h e  p r e s e n t  p i l o t  l i n e  o p e r a t i o n .  See F igure  11. 
Despi te  t h e  e f f o r t  made t o  c o n t r o l  t h e  p h y s i c a l  c h a r a c t e r-  
i s t i c s  of t h e  f i l m s  w i t h i n  a c e r t a i n  range of  va lues ,  they  s t i l l  
e x h i b i t  some i n d i v i d u a l i t y  when made i n t o  ce l ls .  This  i s  i n  p a r t  
a t t r i b u t e d  t o  t h e  f a c t L t h a t  a l l  H a l l  measurements are made on a 
f i l m  produced s imul taneously  on an i n s u l a t i n g  s u b s t r a t e .  I t  i s  
p o s s i b l e  t h a t  t h e  p r o p e r t i e s  r e p o r t e d  a r e  n o t  n e c e s s a r i l y  i d e n t i c a l  
t o  those  of  a c t u a l  f i l m .  Films t r e a t e d  s imul taneously  and i n  t h e  
same manner can g i v e  cells w i t h  d i f f e r e n t  o u t p u t s .  Occas ional ly ,  
p i e c e s  o u t  of t h e  same 6 "  x ' 6 "  w i l l  vary .  I t  w a s  decided t o  t a k e  
one 3" x 3 "  p i e c e  o u t  of  each  f i l m ,  c u t  it i n t o  n ine  1" x l r ' ' s ,  
and use  t h e s e  t o  determine t h e  e x a c t  procedure of  making t h e  b e s t  
c e l l  from t h a t  f i l m .  The s t a n d a r d  test  c o n s i s t e d  of de termining 
t h e  optimum p l a t i n g  t i m e s  and t h e  amount of h e a t  t h e  ce l l  r e q u i r e d  
p r i o r  t o  laminat ion .  
The c o n t r o l  of t h e  carrier c o n c e n t r a t i o n  of t h e  CdS f i l m  and 
t h e  " t a i l o r i n g "  of t h e  h e a t  p r i o r  t o  t h e  l amina t ion  of  t h e  c e l l  
r e s u l t e d  i n  t h e  i n c r e a s e  of  t h e  e f f i c i e n c i e s  of  3" x+ 3 " ' s .  Near 
t h e  end of t h e  r e p o r t i n g  p e r i o d ,  50% of ce l l s  had e f f i c i e n c i e s  
between 4 . 0  and 5.4%. The 1" x 1" cel ls  had high e f f i c i e n c i e s .  
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The m a j o r i t y  ranged from 5 .0  t o  7.1%. See Table I X .  
G r  idd i ng 
The g r i d  w a s  changed from go ld  mesh t o  go ld- p la ted  copper mesh. 
The des ign  of  t h e  g r i d  (Figure  1 0 )  w a s  a l t e r e d  so t h a t  spotwelding 
of  t h e  p o s i t i v e  l e a d  w a s  e l imina ted .  An e x t e n s i o n  of t h e  g r i d  it- 
s e l f  became the  p o s i t i v e  l ead .  To ensure  a good c o n t a c t  t o  t h e  
s u r f a c e  of  t h e  ce l l ,  t h e  g r i d s  w e r e  a t t a c h e d  by h e a t  and p r e s s u r e  
p r i o r  t o  laminat ion .  
The gold- pla ted  copper g r i d s  are thermo-compressed on to  t h e  
c e l l  by passage through heated  rol lers .  (6) I t  w a s  necessary  t o  
e l e c t r o p l a t e  go ld  on to  t h e  copper mesh t o  improve t h e  adherence of 
t h e  g r i d  and t o  p reven t  copper f r o m  c o n t a c t i n g  t h e  b a r r i e r  l a y e r ,  
s i n c e  ce l ls  made w i t h  unpla ted  copper g r i d s  w e r e  u n s t a b l e .  Two 
microns of pure  go ld  w e r e  s u f f i c i e n t  f o r  adherence and s t a b i l i t y .  
Bismuth, and go ld  a l l o y  w e r e  t r i e d  as  i n t e r f a c e  metals b u t  w e r e  
found u n s u i t a b l e .  
Lamination 
S u b s t a n t i a l  p r o g r e s s  w a s  made i n  t h e  laminat ing  p rocess .  
P rev ious ly ,  a combination of mylar-nylon w a s  used,  b u t  t h i s  com-  
b i n a t i o n  was n o t  a s a t i s f a c t o r y  mois ture  b a r r i e r .  Astrochemical 
cement. 
s t i t u t e d  f o r  t h e  nylon. I t  was sprayed on to  t h e  mylar o r  Kaptan 
s h e e t .  The composite p las t ic- epoxy w a s  used as  t h e  encapsulant .  
T h i s  n e c e s s i t a t e d  a change i n  t h e  laminat ion  c y c l e .  P rev ious ly ,  
t h e  c y c l e  was 1 5  minutes  a t  230OC. The exposure of ce l ls  t o  t h e  
h igh  tempera ture  of laminat ion  r e s u l t e d  i n  excess ive  heat  t r e a t m e n t .  
The temperature t o  c u r e  t h e  epoxy i s  190OC.  T h i s  w a s  adopted as 
t h e  new tempera ture  of  laminat ion  w i t h  a 30 minute c y c l e  t i m e .  
('I was found t o  be a b e t t e r  mois ture  barrier and was sub- 
C e l l  Tes t ing  
A new s imula ted  s u n l i g h t  t es t  s e t u p  w a s  devised  t o  measure 
c e l l  performance i n  a manner c o n s i s t e n t  w i t h  t h a t  used by t h e  con- 
t r a c t i n g  agency. 
t h a t  used a t  L e w i s  Research Laboratory,  NASA. (F igure  1 2 )  The 
lamps used w e r e  f o u r  650 w a t t  General  Electric Sun Guns. The 
General E lec t r i c  bromine type  and t h e  Sylvania  i o d i n e  type  sun 
guns w e r e  found t o  provide  i d e n t i c a l  r e s u l t s .  The General E lec t r ic  
The t e s t  equipment incorpora ted  a l i g h t  source  p a t t e r n e d  a f t e r  
29 1 
m 
4 
rl 
b 
rl 
rl 
rl 
0 
rl 
.. 
a, 
4J 
0 z 
lamps w e r e  selected because of t h e i r  convenient  s i z e ,  s h o r t e r  
f i l a m e n t s ,  and h igher  power. The s h o r t e r  f i l a m e n t s  are closer 
t o  being a p o i n t  source .  
T h e  second impor tant  p a r t  of t h e  t e s t  se t- up w a s  t h e  f i l t e r .  
I t  c o n s i s t s  of a l u c i t e  box wi th  t w o  12" x 12" windows which are 
2"  a p a r t .  The space between t h e  windows i s  completely f i l l e d  wi th  
0 . 1 %  copper s u l f a t e  s o l u t i o n .  I t  has  a r e s e r v o i r  i n  t h e  rear t o  
supply s o l u t i o n  t o  compensate f o r  evapora t ion .  I n  a d d i t i o n  a 
pyrex p l a t e  w a s  mounted over t h e  f i l t e r  box t o  reduce t h e  i n f r a r e d .  
The ce l ls  used f o r  s t a n d a r d i z a t i o n  w e r e  c a l i b r a t e d  by NASA. The 
I- V  data  was taken from an  o s c i l l o s c o p e  o r  an x-y p l o t t e r .  
R e s u l t s  
Of t h e  800 3" x 3" cel ls  made on t h e  p i l o t  l i n e ,  450 w e r e  de- 
l i v e r e d  t o  L e . R . C .  These f i g u r e s  do no t  i n c l u d e  ce l ls  made f o r  o t h e r  
c o n t r a c t  purposes.  Each major f a b r i c a t i o n  s t e p  w a s  s t u d i e d  and 
modif ied f o r  optimum c e l l  o u t p u t .  The f i n a l  r e s u l t  w a s  t h e  pro-  
duc t ion  of ce l l s  ranging from 4 . 0 %  t o  5.4% w i t h  a y i e l d  ra te  of 
about  50%. An I- V  curve  of a t y p i c a l  5% c e l l  i s  show i n  F igure  1 3 .  
T h i s  r e s u l t  w a s  confirmed a t  LeR.C.  The h i g h e s t  e f f i c i e n c y  ce l l  
E3.4 c m  ] obta ined  i n  the  l a b o r a t o r y  w a s  7 .1%.  The I- V  curve  i s  
shown i n  F igure  1 4 .  A p l o t  of t h e  c e l l  e f f i c i e n c i e s  f o r  t h e  con- 
t r a c t  pe r iod  i s  shown i n  F igure  15. 
2 
An engineer ing  drawing of t h e  p a r t i c u l a r  c e l l  c o n s t r u c t i o n  
used dur ing  t h e  i n v e s t i g a t i o n  i s  shown i n  F igure  1 6 .  
31 
REFERENCES 
1. 
2. 
3. 
4. 
5. 
6. 
7. 
Nicoll, F. H. The Use of Close Spacing for Growing 
Epitaxial Layers of Semiconductors, Journal of Electro- 
chemical Society, November 1963 Vol. 110, No. 11 page 
465. 
Hass, G. and Thun, R. E. Physics of Thin Films 
Vol. 3, page 170 
Technical Documentary Report No. ASD-TDR-62-69 
Research on Solar Energy Conversion Employing 
Cadmium Sulfide Vol. I1 December 1962, page 16 
Griffin, T. A., Olmsted, R. W., Schaefer, J. C., 
Research and Development in CdS Photovoltaic Film 
Cells NASA CR-54108, June 1964, page 33 
Griffin, T. A., Krus, D. J., Schaefer, J. C., 
Research and Development in CdS Photovoltaic Film 
Cells NASA CR-54481, August 1965, page 19 
Harshaw Proprietory Process 
Thermosetting Epoxy Adhesive BP242-4A-2, 
Astrochemical Company, Schenectady, New York 
32 
Mo 
SHEET 
I 
GRIDS GRID BY ~ THERM. COMP. 
CdS 
POWDER 
Mo 
CLEAN 
CdS 
S INTER EPOXY 
F igure  1 FLOW DIAGRAM :OF CELL FABRICATION 
VACUUM 
EVAPORAT I ON 
33 
SHEET 
PLAST I C 
J 
Y 
BARR I ER 
FORMAT I ON 
f 
w 
r A > LAMINATION > 
L + -  
r -  TEST 
4 
4 
SUBSTRATE 
ETCH I NG 
.- 
1 1 1 1  1 I I I 
m 
I 
0 
.- 
L 
34 
l40X Photomicrograph of Whisker 
Growth on Vapor Transport  Film 
Whiskers i n  Back- 
~ *--ground out of Focus 
f- Whiskers 
t- Film 
Figure 3 WHISKER GROWTH ON VAPOR TRANSPORT FILM 
35 
C 
d 
I 
0 
.- 
W 
t- 
4 ce 
t- 
v) 
m 
=I 
v) 
z c 
z 
0 
t- 
C D v )  
I O  
op_ 
. - w  
0 
u, 
0 
w c 
Q 
- 
- 
a 
r- 
I 
0 
.- 
36 
F igu re  5 
CLOSE SPACE5 SAMPLE AND SOURCE CONFIGURATION - DOPANT STUDY 
3 7  
PYREX CH 
SUBSTRATE --& 
SAMPLE FOR CARR 
CONCENTRAT I ON 
ME AS U R E hlE NT 
I I  i 2--.- QUARTZ PLUG 
5/ QUARTZ REFLECTER 
OUTLET TO 
D I FFUS I ON PUMP 
FIGURE 6 
EVA PORAT I ON SAMPLE AND SOURCE CONF I GURAT I ON - DOPANT STUDY 
I ER 
38 
1 
1 '  
lo-' 
10-2 
- 
- CELL E 41- 7 
- n = 2 x 1 0 1 8  carriers/cm3 
- CAPAC I TANCE 1 7 . 5  mJf/sq cm. 
- D I SS I PAT I ON FACTOR 7',2 
Figure 7A 
SPECTRAL RESPONSE FOR UNDOPED CdS F I L M  CELL 
I NC I OENT PHOTON ENERGY (ev) 
I I :  I I 
0 . 8  1 . 2  1 ..6 2 . 0  2 . 4  2 . 8  3.2 
10-3 
39 
s 
w 
* 
w c 
0 
v) 
m 
4 
=? 
A 
i 
10-1 
10-2 
- 
CELL E 35 
CAPACITANCE 23 mAf/sq cm 
DISSIPATION FACTOR 10 
- 
- n = 9x1017 carriers/cm3 
- 
INCIDENT PHOTON ENERGY (ev) 
I 1 1  I 1 
1 .I -2 1 . 6  2.0 2.4 
40 
2.8 3.2 3 ..6 
0 
I 
N .. 
- 
0 
I 
.c .. 
.c 
\, 
\ 
s? 
m 
d 
1 1 1  I I I I I 
d 
N 
0 
cn 
I 
J I I I  I I I I 
.- 
0 
zw3 II3d SWW&llllW N I  .- 
41 
(39NWH3 SSWW) W7 
0 
0 
0 - 
0 
0 
c 
a 
c 
- 
10  
20  
v) 
P, 
E 
U 
i 
s 
3 30 
- 
40 
50 
- 
C E L L  NO 199-22 AREA 4..5cm2 
ORGAN IC BARR I E R  B A T H  M A X . P W R .  1 7 . 4  mw 
- J U N E  1967 EFF. 3 . 9 %  
- 
- 
- 
I I I I I 
0 . 1  . 2  . 3  . 4  - 5  
V O L T S  
Figure fl I- V C U R V E  OF C E L L  FROM O R G A N I C  B A T H  
42 
MATERIAL - 1 Mil T H I C K  COPPER F O I L  
6 . 8  cm 
f .T 
. 5  mm .5 mm+ 
3 .Ir 
-1 mm 1 mm 
/ 
LOCATING NOTCH 
3 .81  x c m ( 1 . 5  m i l )  1T 
4 %  
3 .81  x 10  c m ( 1 . 5  m i l )  
G 
Figure 1 0  CELL G R I D  D E S I G N  
. .  
43 
, 1  
m 
E 
0 
\ 
0 
W 
. 
0 z 
0 
I F i gur e 1 1 CARR I ER CONCENTRAT I ON VS OPEIN C I RCU I T VOLTAGE 1 
1 
OPEN C IRCUIT  VOL 
01 7 
I I 
0.30 
J 
0 .34  0 . 3 8  0 .42  0 . 4 6  0 . 5 0  0 .54  0 . 5 8  
44 
Figure 12 SIMULATED SUNLIGHT TEST APPARATUS 
45 
0 .1  0.2 
F i g u r e  13 I-V CURVE OF TYPICAL 5% CELL 
d 46 
0.3 
C E L L  # E 4 2  
Vo, +. 0.52 v o l t s  
+ 700 ma ‘ s c  
P&x + 223 mil i w a t t s  
EFF.  + 5.0% 
AREA + 441.5 cm 1 
80 
- 
100 CELL # 93-94 
Vo, + 0.42 volts 
ls, + 36 ma 
'ma x 
AREA + 3 . 4  c d  
EFF.  -i) 7.1% 
+ 74 ma .325v 
+ 24 milliwatts 
Figure 14 I-V CURVE OF 7 . 1 %  CELL 
1 
47 
h 
N 
d 
4- 
X 
x 
x 
x I n t 
n i 
d 
CHANOC 
L 
I 
I 
I 
I 
I 
I 
I 
I 
I 
c- 8Y- 
I- 
 
 
1 
3 :  
CLEVELAND .OHIO 2 C 
p s 
THE HARSHAW CHEMICAL CO. 
1-S EAST 9 7 ~ ~  ST. 
z 2 CRYSTAL DIVISION 
Figure 16 
'DRAWING , IF CdS S OLAR CELL ON MOLYBDENUM 
UATCRIAL 
I I 
A 0  
APPENDIX I 
FURTHER CONSIDERATIONS ON THE MODEL FOR 
THE CdS SOLAR CELL 
BY 
E.R. Hill, B.G. Keramidas, and D.J. Krus 
(1) ( 2 )  FURTHER CONSIDERATIONS ON THE MODEL 
FOR THE CdS SOLAR CELL 
E.R. Hill, B.G. Keramidas, D.J, Krus 
HARSHAW CHEMICAL COMPANY 
Division of Kewanee Oil Company 
Introduction 
This paper proposes a model for the CdS solar cell which 
accounts for all the major features. It uses only physically 
evident material properties and does not require traps or 
metastable states. Our conclusion is that, in fact, traps are 
physically mobile impurity ions. 
The cell itself is a p-n junction whose characteristics 
are altered by the presence of mobile impurity ions. It is 
proposed that the structure consists of n-type CdS in and on 
which p-type Cu2S is grown, and that the rectifying junction 
changes geometry and characteristics due to ion motien in 
applied electric fields. This is in contrast to normal semi- 
conductor diodes where p and n materials are in contact, but 
the impurity ions are assumed to be fixed. The model supposes 
that both CdS and Cu2S are semiconductors to which simple 
band theory can be applied. The mobile ions provide the only 
deviation from standard p-n junction theory and give rise to 
all anomalous behavior. After a brief description of the de- 
vice, the discussion divides into four sections: 
1). Properties of CdS 
2 ) .  Properties of Cu2S 
3 ) .  Evidence for and mobilities of ions 
4). Microscopic picture of junction formation and behavior 
Description 
The CdS solar cell is a heterojunction between semicon- 
ducting CdS and Cu2S. 
polycrystalline evaporated film. 
The CdS is n-type single crystal or 
The Cu2S is p-type and is 
Chemical Company and in part by NASA, Lewis Research 
Center. 
(1)This work was supported by a grant from the Harshaw 
(2)Paper presented at IEEE Sixth Photovoltaic Specialists 
Conference, March, 1967. 
* chemically formed from a portion of the CdS. 
in these two materials have high mobilities by solid state stand- 
ards, producing many unusual properties. A schematic physical 
picture is shown in Figure 1. 
The impurity ions 
I. Properties of CdS 
The CdS used in this device is a conductive single crystal 
OK an evaporated thin film. It has the characteristic optical 
absorption edge at 2.4 ev which means that a periodic structure 
must be present. Hal1 and Seebeck coefficient measurements show 
15 n-type conductivity with carrier concentration ranging from 10 
20 3 2 cm3 to 10 /cm e 
sec. and about 1 to 10 cm /volt sec. in the evaporated film. 
Consequently, resistivities will range from to 10 ohm-an. 
F-type CdS has never been reliably observed despite considerable 
effort and diligent searching. Consequently, this will not be 
considered as part of the cell. 
/ 
Mobilities in the crystal are about 200cm /volt- 
2 
2 
11. Properties of Cu2S 
reaction. The reaction is described by: 
Cu2S is always made from a portion of the CdS by chemical 
CdS -!- 2Cu+ = Cu2S -4- Cd" 
It can be carried out in a number of ways, such as by 
immersing CdS i n t o  an  aqueous s o l u t i o n  of cuprous chloride. 
Evidence that Cu2S is indeed the product is found by simple 
weighing processes. CdS powder is weighed and then treated 
with the cuprous ion solution. It is dried and weighed again. 
The resulting powder is etched with KCN-water which does not 
affect CdS, but removes copper and its compounds. This residue 
is dried and weighed. Two copper atoms weigh 15 grams/mole 
more than one cadmium atom, so the powder gains weight in the 
reaction. The weight loss in the KCN etch is the weight of the 
CuzS formed, which is 159 grams/mole. 
periment is: 
The data for the ex- 
CdS mass = 12.0512 gm 
Powder mass after reaction = 12.4250 
Mass change = + .3738 = 2Cu-Cd 
Mass change in KCN rinse = -3.4170 = -Cu2S 
= -9.2 - -3.4170 Mass change in KCN - Mass change in reaction + .3738 
1 - 2 -  
This same ratio when calculated for the displacement of a Cd ++ 
-cu2s - -159 
2Cu-Cd 15 - = -10.6 by 2Cu' is 
Clearly, this material is Cu2S. 
Cu (N03b2 and water, the resulting product is cupric sulfide. 
This is proved by repeating the previous experiment. Inthis 
case the powder loses weight, since one copper atom weighs less 
than one cadmium atom. The data is as follows: 
If a solution containing cupric ions is used, such as 
Cu++ -b CdS 
CdS mass 
Powder mass after reaction 
Mass change 
Mass change in KCN rinse 
Mass chancre in KCN - - - - - - - 
Mass change in reaction 
= CuS + Cd++ 
= 12.5240 gm 
= 11.2910 
= -1.2330 = Cu-Cd 
= -2.6610 = -CUS 
The calculated ratio fox the displacement of a Cd++ by a Cu++ 
-95*5 = 1.96 -GUS - Cu-Cd - 4 8 . 9  - is 
Clearly, this material. is CuS. 
The solar cell using Cu2S shows a strong spectral response 
in the infrared with an absorption edge at about B ev, as shown 
in Figure 2. The shape of this edge is typical of a semicon- 
ductor and is sufficient to show the presence of a lattice 
structure. Further evidence for semiconduction is found in 
Seebeck coefficient and resistance measurements. Figure 3 shows 
the steps in this process. A CdS film is evaporated onto an 
insulating substrate. Its Seebeck coefficient and resistance 
are measured. Next a layer of Cu2S is formed and the Seebeck 
coefficient and resistance of the combination are measured, 
being sure that the CdS and CuzS are both connected to the end 
electrodes. The CuzS is then etched off with RCN and the See- 
beck coefficient and resistance of the remaining CdSake mea- 
sured. The Seebeck coefficient of the initial and remaining 
CdS was the same in all experiments. 
The analysis of this data is carried out by considering the 
CdS - Cu2S combination as two thermoelectric generators with in- 
ternal resistances connected in parallel. The equation for this 
1 
- 3 -  
is also shown in Figure 3 .  This has shown the Cu S always to 
be p-type and with a carrier concentration of to 1 0 ~ ~ / m 3 .  
Resistivity can be calculated knowing the thickness of the 
initial film, and the result is usually about 10-1 to lo'* ohm- 
cm. n-type Cu2S has never been observed. 
The carrier concentration of the Cu2S depends on the 
original CdS which is n-type because it contains donor impuri- 
Dies, These donors do not enter into the chemical reaction 
and are incorporated in the Cu2S layer. They will also act 
as donors in Cu2S, reducing the hole concentration and con- 
ductivity. High donor concentration CdS produces low con- 
ductivity Cu2S and the parallel combination shown in Figure 3 
has bower conductance than the initial CdS. Lower donor con- 
centration CdS, produces high conductivity Cu2S. The par- 
allel combination has a higher conductance than the initial 
CdS, Data from these experiments indicates the chemically 
formed Cu2S to have a carrier concentration in the range of 
lo1* to 1019/cm3e If the CdS - Cu2S combination is heated 
in vacuum,nitrogen, or argon, the room temperature resistance 
is increased, indicating a diffusion of the Cu2S acceptors into 
the bulk. However, if heating is carried out in air or oxygen, 
the resistance decreases. The resistance of the Cu2S layer 
decreases by about an order of magnitude. The same type of 
change occurs more slowly by simply exposing the Cu2S - CdS 
layer to room air. Consequently, it is evident that the major- 
ity of the acceptors in this Cu2S are oxygen atoms. 
111. Ionic Mobility 
Having established that the materials of this device are 
indeed semiconductors, it is clear that a p-n junction can 
result if two pieces of the proper carrier concentrations are 
placed in proper contact. Ideally, the energy diagram of the 
result is as shown in Figure 4 .  
The high mobility of the donor and acceptor ions in the 
solid considerably complicates the description of the device. 
That the ions must be mobile follows immediately from the 
manner in which Cu2S is made. The chemical reaction is a 
double displacement with two copper ions replacing one cadmium 
1 - 4 -  
ion. 
which is formed. Nominal reaction temperatures are 100°C and 
times are of the order of 1 minute to make 1 micron of Cu2S. 
This means that 1020 to 1022 copper atoms diffuse into a 1 
micron thick region in about 1 minute at 100QC. In silicon, 
lo1* phosphorus or boron atoms diffuse into a 1 micron re- 
gion in about 1 hour at 800OC. This indicates a high dif- 
ference in mobilities and further implies that the properties 
of silicon p-n junction and CdS - Cu2S junction will be widely 
differing. 
Analysis of the reaction kinetics in the solid allows the 
calculation of ionic diffusion constants. To begin, the chem- 
ical reaction takes place at the interface between the solution 
and solid CdS. In the solid, the processes are physical dif- 
fusions. 
layer of Cu2S is formed at the surface. The rate of formation 
is proportional to the amount of CdS present. 
the solid and cadmium ions leave because of concentration grad- 
ients, the rate being governed by the diffusion equation, 
Mathematically, these are stated as: 
This means that they must diffuse through the Cu2S layer 
On ikersing CdS in the cuprous ion solution, a 
Copper ions enter 
c (x=o,t) = a[Co - C(x=o,t)] d dt - 
C = concentration of C u p  
Co= bulk concentration of CdS 
a = proportionality factor which is temperature dependent 
D = copper ion diffusion constant 
x = distance into solid 
These equations can be solved, resulting in an expression 
which contains error functions with complex arguments. The 
general nature of the concentrations at any time is shown in 
Figure 5. Measurement of the concentration profile is difficult 
and uncertain for the cell geometry, 
the total amount of Cu2S formed as a function of time. 
this, the solution of the equation is intergrated and approxi- 
mated for long and short periods. For long times, the reac- 
tion is diffusion limited and the total mass has the familiar 
t1/2 variation. For shorter times, the reaction is more de- 
It is easier to measure 
For 
.I 
- 5 -  
. pendent on the surface reaction rate and the total mass 
at t3I2. The exact expressions are: 
varies 
short times 
long times 2C,D1I2 t1/2 J.rr M(t) = 
By weighing the mass of Cu2S formed as a function of time, 
the reaction limiting diffusion constant calculates to be 
C(7OOC) = 8 x cm*/sec 
This agrees with the findings of Clarke 1 . 
By contrast, the diffusion constant for boron and phos- 
phorus in silicon is of the order of 10- 57  crn’/sec at POOOC. 
This high ionic mobility is also evidenced in the behavior 
of the rectifying junction under applied field. 
let us first review the orthodox p-n junction, shown in Figure 
6a. 
smooth out discontinuities, some electrons have left the n- 
region and entered the p-region, and some holes have gone from 
the p-region to the n-region. Uncompensated positively charged 
donor ions are in the n-region and uncompensated negatively 
charged acceptor ions are in the p-region. 
fusion length for the hole or electron. Typically, this will 
be in the region of 0.1 micron. 
layer, positive in the n-region and negative in the p-region. 
A field is produced which tends to move positive charges from 
the n-region to the p-region. In the usual semiconductor, one 
now applies Boltzmann statistics, Poisson’s equation and the 
continuity equation, arriving at the familiar diode equation 
relating the current and the potential difference across the 
To look at this, 
Here two materials have been brought into contact and to 
This takes place in a distance equivalent to one dif- 
The result is a dipole charge 
junction. 
In CdS and Cu2S, however, the acceptor and donor ions are mobile. 
The field in the junction moves donors into the p-region and 
acceptors into the n-region. This continues until the field is 
balanced by concentration gradients in the usual manner. The 
Clarke, Raymond L. Journal of Applied Physics, Vol. 30, 
Number 7 ,  pp. 957- 960, July, 1959 .  
l. 
1 - 6 -  
effect of this is to broaden the junction, and in fact, to pro- 
duce a region of microscopic extent which is almost intrinsic as 
shown in Figure 6b. The geometry and properties of the junction 
will depend on the ionic mobilities. 
electrons, and ions all had the same mobility, a junction would 
not exist e 
Y .  
Obviously, if holes, 
The external manifestations of ion mobility are hysteresis 
in the dynamic I- V curve and an effect known as internal polar- 
ization. The first of these is seen when the I- V curve is 
traced at a finite speed, say 1 cycle per 10 minutes. Then the 
ascending and descending branches are separated, as in Figure 7. 
The second is seen by applying forward bias to the junction and 
allowing the current to reach a steady state. The applied field 
is removed and a meter placed across the cell terminal, Power 
2 will be delivered by the cell, on the order of microwatts/cm . 
The current produced will decay exponentially with time, time 
constantsbeing about 3 minutes. Referring to Figure 6b again, 
the origin of this effect is found in motion. of the ions. For- 
ward bias places a potential difference across the junction which 
is negative on the n-side and positive on the p-side. This causes 
donor ions to move back to the n-region and acceptors to the p- 
region, and in the steady state concentration gradients again 
balance the internal and applied fields. When the field is re- 
moved, the ions return to their equilibrium positions, resulting 
in a current flow. The integrated current represents the total 
charge involved and the time constant of the discharge allows 
the calculation of an ion mobility. We assume the steady state 
field-applied condition to be two sheets of charge separated by 
the junction width, about 1 micron. Then the following relation 
holds : 
W2 T = -  
D 
T = time constant = 3 minutes 
W = junction wldth = cm (by capacitance measurement) 
D = diffusion constant 
2 D then calculates to be about 5 x cm /sec 'at 2OoC, which 
is in good agreement with the value found from the chemical re- 
action kinetics. 
1 - 7 -  
The time constant for the polarization can be increased 
by widening the junction and decreasing the diffusion constant. 
The phenomenon in CdS known as persistent internal polariza- 
tion is undoubtedly produced in a wide junction with low dif- 
fusion constant material. 
of light generated fields accounts for the photorectifier 
effect2, and the non-linear addition of currents generated by 
differing colors of light. 
frared quenching in photoconductors, and in fact, the whole 
process known as trapping would appear to be due to the junc- 
tion and mobile ions. 
It is also probable that the ion motion in the presence 
These are closely related to in- 
IV. Microscopic Picture of Junction Formation 
Having examined the properties of the materials in a CdS 
cell, it is now possible to follow the microscopic details of 
the cell forming process. 
mersed in the bath containing cuprous ions and a layer of 
Cu2S from 0.1 to 1 micron thickness is formed. 
dissolved in the liquid, the layer can be doped at this time. 
Usually, the bath is around looo@, the oxygen concentration 
is low, and the Cu2S has low hole concentration. 
has a low enough donor concentration (1017/cm3 or less) I a 
p-n junction is formed immediately. 
hole concentration in the Cu2S of about 1017/cm3. 
donor concentration is higher, there is no junction, and the 
cell has a linear 1-V relationship. Metal contacts are attached 
to the CdS and Cu2S mechanically or by electroplating. 
diode now forms either by heating in air or by simply remaining 
in room ambient. The exact behavior of the oxygen isphown 
in Figure 8 .  In part (a), the oxygen acceptors are in a com- 
plementary error function distribution and the maximum at the 
surface is less than the donor concentration, In (b) , the 
acceptors have reached the level of the donors and a junction 
forms. This produces a field, which drives the acceptors 
into the n-region, widening the junction and reducing the field. 
A piece of crystalline CdS is im- 
If oxygen is 
If the CdS 
This implies a background 
If the 
A 
- 2Reynolds 
Physics, 
D. C., Green L. C., Antes L. L., Journal of Chemical 
Vol. 25, No, 6, pp. 1177-1179, December, 1956. 
1 
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The surface acceptor concentration reaches a level determined 
by the atmospheric oxygen concentration. 
depends on this concentration, the donor concentration and the 
The junction width 
ionic diffusion constants. Heating the cell raises the dif- 
fusion constants and the junction widens, evidenced by a de- 
crease in junction capacitance. Junction width will be essen- 
tially independent of the hole and electron lifetimes and dif- 
fusion length and will consequently not be depleted of charge. 
Hole-electron pairs generated in the junction will be separated, 
but the quantum yield will probably be significantly less than 
unity. Optimally, the junction will extend almost to the 
surface and look like (c). 
Conclusion 
A model of the CdS solar cell has been outlined in which 
the active elements are those things we know to exist (phy- 
sically), that is, holes, electronsp acceptor and donor ions. 
The materials are semiconductors which follow Fermi Dirac 
statistics and conventional band theory. The unusual features 
of the device are seen to depend on highly mobile ions and in 
fact the high power conversion efficiency depends on them. This 
is consistent with the process by which the device is made, 
which also requires highly mobile ions. The similarity in pro- 
perties between the CdS solar cell and the CdS photoconductor 
leads to the suspicion that traps are really mobile ions in 
junctions. 
physicists through the chemical jungle and Dr. Noel K. Pope 
for his invaluable guidance and advice in all aspects of the 
theory. 
We wish to thank Dr. Robert Moss for his help in guiding 
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